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Trastuzumab  is  a  drug  which  specifically  targets  HER2,  an  oncogene  product  overexpressed  in  a  subset 
of  breast  cancers  (1).  Trastuzumab  has  been  hailed  for  its  specificity  in  targeting  HER2  overexpressing  cancer 
cells  in  contrast  to  standard  chemotherapy  regimens  which  target  rapidly  dividing  cells  and  cause  major  side 
effects  in  treated  patients.  However,  Trastuzumab  only  works  in  a  third  of  patients  with  HER2  overexpressing 
breast  cancer  and  has  mild  adverse  side  effects  in  40%  of  patients  and  major  adverse  side  effects  in  5%  of 
patients  (2).  Therefore,  fully  understanding  the  biology  of  Trastuzumab  is  important  in  order  to  identify 
patients  who  will  respond  to  Trastuzumab  therapy  and  to  design  combinations  of  therapies  that  will  result  in 
more  patients  responding.  The  originally  proposed  study  sought  to  understand  one  of  the  signaling  pathways 
affected  by  cells  treated  with  Trastuzumab:  the  Akt  pathway,  which  is  known  to  mediate  cell  survival  (3-5). 
Trastuzumab  has  been  shown  to  cause  cell  cycle  arrest  in  HER2  overexpressing  cells  (6)  and  sometimes  induce 
apoptosis  (6,  7).  However,  HER2  overexpressing  cells  can  become  resistant  to  Trastuzumab  if  Akt  is  not 
downregulated  (8,  9).  The  originally  approved  study  sought  to  understand  whether  downregulation  of  Akt  by 
Trastuzumab  induces  apoptosis,  and  if  so,  which  molecules  downstream  of  Akt  action  are  necessary  targets  of 
Trastuzumab  action. 

The  original  statement  of  work  was  modified  when  the  results  of  task  1  and  task  2  showed  little  promise 
(as  described  below  and  in  the  first  annual  summary)  and  two  new  tasks  were  approved  in  January  2008  which 
aimed  to  evaluate  the  role  of  Akt  in  ErbB2-mediated  tumorigenesis.  Akt  has  been  shown  to  be  a  critical 
mediator  of  ErbB2-induced  tumorigenesis  (17,  18)  so  we  overexpressed  constitutive ly  active  Aktl  in  the 
context  of  mammary  tumors  induced  by  ErbB2  in  mice  (task  3)  and  demonstrated  that  overexpression  of  Aktl 
decreases  the  latency  of  ErbB2  tumorigenesis  and  also  significantly  alters  the  signaling  pathways  and 
metabolism  of  these  tumors.  These  experiments  have  been  published  (19).  To  further  evaluate  the  role  of  Akt 
in  ErbB2  tumorigenesis,  we  sought  to  reduce  Akt  in  cell  lines  using  shRNA  (task  4),  but  several  attempts  to 
reduce  Akt  activation  by  shRNA  were  unsuccessful  and  are  described  below.  One  of  the  molecules  regulated 
by  Akt  is  GLUT1  (13,  14),  and  we  were  successful  in  reducing  GLUT1  using  shRNA.  While  we  were  unable 
to  reduce  activation  of  Akt  itself,  reduction  of  GLUT1  in  mammary  carcinoma  cells  reduced  glucose 
metabolism,  reduced  proliferation  and  growth  in  soft  agar  and  inhibited  the  initial  tumor  progression  of  tumor 
cells  transplanted  into  athymic  nude  mice. 

BODY 

Task  1  -  Assess  the  effectiveness  of  trastuzumab  at  inducing  death  in  cultured  breast  cancer  cells 
expressing  differing  Aktl  molecules:  wild  type  Aktl,  constitutively  activated  mutant  Aktl  (myr-Aktl), 
and  kinase  dead  Aktl  as  well  as  an  empty  vector  control  (months  1-9) 

a.  Obtain  BT474  and  SKBr3  human  breast  cancer  cells  from  ATCC 

b.  Generate  cell  lines  expressing  wild  type  Aktl,  constitutively  activated  mutant  Aktl  (myr-Aktl),  kinase  dead 
Aktl  and  empty  vector  control 

c.  Evaluate  apoptosis  following  trastuzumab  or  vehicle  treatment 

Two  human  breast  cancer  cell  lines,  SKBr3  and  BT474,  both  of  which  overexpress  HER2  and  are 
sensitive  to  Trastuzumab  (9)  were  obtained  from  the  ATCC.  These  cell  lines  were  compared  to  two  other 
human  breast  cancer  cell  lines  which  do  not  overexpress  HER2:  MDA231  and  T47D.  All  cell  lines  were 
maintained  in  complete  media  (DMEM  containing  10%  FBS,  0.1  mM  non-essential  amino  acids  and  40  ng/ml 
insulin).  Parallel  cell  monolayers  were  grown  to  near  confluence  and  one  dish  was  treated  with  10  pg/ml 
Trastuzumab  in  complete  media  while  the  other  was  left  untreated.  Cells  were  incubated  overnight  and  cell 
lysates  were  harvested  18  hours  after  treatment  and  then  subjected  to  immunoblot  analysis. 

Previous  reports  have  shown  downregulation  of  HER2  after  Trastuzumab  treatment  (10),  but  this  has 
been  disputed  (6,  1 1).  Our  data  indicates  Trastuzumab  does  not  regulate  HER2  in  the  two  cell  lines  which 
clearly  overexpress  HER2:  SKBr3  and  BT474  (Figure  1).  MDA231  and  T47D  do  not  overexpress  HER2 
(Figure  1)  and  do  not  respond  to  trastuzumab.  The  decrease  in  HER2  expression  after  trastuzumab  treatment  in 
MDA231  and  T47D  cells  (Figure  1)  is  likely  inconsequential  because  HER2  is  not  overexpressed  and  HER2  is 
not  responsible  for  tumorigenesis  in  these  cell  lines.  EGFR  and  HER3,  two  other  members  of  the  EGFR  family 
were  also  examined,  and  were  also  unaffected  by  Trastuzumab  treatment.  Trastuzumab  does  inhibit  activation 
of  Akt  as  seen  by  a  decrease  in  Akt  phosphorylation  at  Serine  473  after  trastuzumab  treatment  in  the  two  HER2 


Page  5 


W8 1 XWH-06- 1-0423 

overexpressing  cell  lines,  but  not  in  the  other  two  cell  lines  (Figure  1).  Total  levels  of  Akt  and  PTEN,  a 
negative  regulator  of  Akt  activation,  are  not  affected  by  trastuzumab  treatment  (Figure  1).  This  supports  the 
hypothesis  that  downregulation  of  Akt  by  Trastuzumab  in  HER2  overexpressing  cells  could  lead  to  activation  of 
pro-apoptotic  molecules  normally  regulated  by  Akt.  Apoptosis  was  examined  by  probing  for  PARP,  a  substrate 
of  caspases  and  thus  a  marker  of  apoptosis.  BT474  cells  demonstrate  an  increase  in  apoptosis  (marked  by 
increased  level  of  cleaved  PARP)  after  trastuzumab  treatment,  but  trastuzumab  treatment  does  not  lead  to 
apoptosis  in  SKBr3  cells  (Figure  1).  Thus,  downregulation  of  Akt  activation  by  trastuzumab  in  SKBr3  cells  is 
not  sufficient  to  cause  apoptosis,  but  trastuzumab  does  cause  an  increase  in  apoptosis  in  BT474  cells. 

Figure  1  -  The  Effect  of  Trastuzumab 
on  Akt  Signaling,  the  EGFR  Family 
and  Apoptosis  in  Human  Breast 
Cancer  Cells. 

Four  different  human  breast  cancer 
cell  lines  (SKBr3,  BT474,  MDA231  and 
T47D  were  cultured  with  or  without  10 
ug/ml  Trastuzumab  (  +/-  Trast)  for  18 
hours  before  harvesting  whole  cell 
lysates.  Lysates  were  subjected  to 
SDS-PAGE  and  immunoblot  analysis 
with  antibodies  detecting  HER2, 

EGFR,  HER3,  phosphorylated- 
Ser473-Akt  (P-Akt),  total  Akt  (Akt), 

PTEN,  and  PARP.  The  PARP 
antibody  detects  full  length  PARP  and 
cleaved  PARP  which  are  indicated 
with  arrows. 


The  lack  of  induction  of  apoptosis  in  SKBr3  cells  and  the  modest  induction  of  apoptosis  in  BT474  cells 
after  Trastuzumab  treatment  indicate  that  apoptosis  may  not  be  a  major  effect  of  Trastuzumab,  at  least  in 
cultured  cell.  Perhaps  Trastuzumab  induction  of  cell  cycle  arrest  is  more  important  to  its  anti-tumor  effects  (11) 
than  induction  of  apoptosis.  Alternatively,  apoptosis  may  occur  in  vivo,  in  the  context  of  an  immune  system 
and  a  tumor  microenvironment,  but  not  in  cell  culture.  The  second  part  of  this  aim  sought  to  examine  whether 
constitutive ly  active  Myr-Aktl  could  rescue  Trastuzumab  induction  of  apoptosis,  but  this  was  not  examined 
since  Trastuzumab  failed  to  induce  apoptosis  robustly.  Other  groups  have  demonstrated  that  activation  of  Akt 
causes  Trastuzumab  resistance  (11,  12),  but  this  is  likely  via  affects  other  than  apoptosis. 

Task  2  -  Identify  molecules  downstream  of  Aktl  inactivation  essential  for  trastuzumab-mediated 
apoptosis,  (months  9-30) 

a.  Identify  which  Akt  substrates  are  activated  by  trastuzumab  in  wild  type  breast  cancer  cells:  caspase  9,  BAD, 
IKK,  p53,  SAPK  pathway  members  and  FOXO  family  members. 

Lysates  of  cells  treated  18  hours  with  10  pg/ml  Trastuzumab  or  lysates  from  untreated  cells  were  used  to 
examine  the  status  of  a  few  pro-apoptotic  Akt  substrates.  FKHR  is  a  transcription  factor  which  is  responsible 
for  transcription  of  genes  involved  in  cell  cycle  arrest  and  apoptosis  (4).  Akt  phosphorylation  of  FKHR  causes 
its  transport  out  of  the  nucleus  which  attenuates  transcription  of  pro-apoptotic  and  cell  cycle  arrest  genes. 
Therefore,  the  phosphorylation  status  of  FKHR  was  examined  by  immunoblot  using  a  phospho-specific 
antibody  which  recognizes  FKHR  which  has  been  phosphorylated  by  Akt.  Trastuzumab  down-regulation  of 
Akt  would  be  expected  to  cause  a  decrease  in  FKHR  phosphorylation  if  FKHR  is  indeed  a  substrate  in  HER2 
overexpressing  breast  cancer  cells.  However,  Trastuzumab  caused  no  difference  in  the  phosphorylation  of 
FKHR  (Figure  2A).  FKHR  subcellular  localization  in  BT474  cells  was  also  examined  before  and  after 
trastuzumab  treatment,  but  FKHR  appeared  to  be  mostly  nuclear  (in  the  same  fraction  enriched  for  Lamin  B), 
regardless  of  treatment  (Figure  2B).  Bad  is  another  pro-apoptotic  substrate  of  Akt  and  is  eventually  degraded 
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after  phosphorylation  by  Akt  (3).  Bad  was  also  evaluated  by  immunoblot,  but  no  differences  were  detected 
between  control  lysates  and  lysates  from  Trastuzumab  treated  cells  (Figure  2 A  and  data  not  shown). 
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Figure  2  -  The  Effect  of  Trastuzumab  on  Akt  substrates. 

A)  Four  different  human  breast  cancer  cell  lines  (SKBr3,  BT474,  MDA231  jL 
and  T47D  were  cultured  with  or  without  10  ug/ml  Trastuzumab  (Trast  +/-) 

for  1 8  hours  before  harvesting  whole  cell  lysates.  Lysates  were  subjected  to  SDS-PAGE  and  immunoblot 
analysis  with  antibodies  detecting  phosphorylated-FKHR  (P-FKHR)  and  BAD.  B)  BT474  cells  were 
cultured  with  or  without  10  ug/ml  Trastuzumab  (Trast+/Trasf)  for  18  hours  before  cytoplasmic-enriched  and 
nuclear-enriched  fractions  were  generated.  Immunoblot  analysis  was  performed  with  an  antibody  against 
Lamin  B  (nuclear  marker),  p-Actin  (cytoplasmic  marker)  and  FKHR  to  determine  localizatioin  of  FKHR. 


Trastuzumab  was  not  efficiently  inducing  apoptosis  in  HER2  overexpressing  breast  cancer  cells  and  the 
few  pro-apoptotic  substrates  of  Akt  which  were  examined  were  also  not  being  affected  by  Trastuzumab. 
Therefore,  studies  of  Trastuzumab  induction  of  apoptosis  and  further  identification  of  pro-apoptotic  Akt 
substrates  downstream  of  Trastuzumab  treatment  were  halted.  However,  identification  of  other  important 
downstream  affects  of  Akt  inactivation  following  Trastuzumab  treatment  were  pursued. 

Akt  has  been  shown  to  induce  aerobic  glycolysis  in  models  of  hematopoetic  malignancies,  partly  via 
activation  of  the  GLUT1  glucose  transporter  (13,  14).  Additionally,  it  has  been  shown  that  HER2 
overexpressing  cancers  stabilize  HIF  (hypoxia  inducible  factor)  even  in  the  absence  of  hypoxia,  and  HIF 
activates  GLUT1  transcription  (15,  16).  Therefore,  we  wanted  to  test  whether  Trastuzumab  had  an  affect  on 
GLUT1  expression  in  both  normoxic  conditions  and  in  the  C0CI2  model  of  hypoxia  which  stabilizes  the  HIF 
complex  similar  to  hypoxia.  BT474  were  left  untreated,  treated  with  100  pM  C0CI2,  treated  with  10  pg/ml 
Trastuzumab,  or  treated  with  both  100  pM  C0CI2  and  10  pg/ml  Trastuzumab  and  incubated  overnight.  C0CI2 
clearly  activated  GLUT1  expression  (Figure  3A,  compare  lane  1  to  lane  3)  while  Trastuzumab  alone  slightly 
decreased  GLUT1  expression  (Figure  3A,  compare  lane  1  to  lane  2).  Additionally,  Trastuzumab  attenuated  the 
C0CI2  activation  of  GLUT1  (Figure  3 A,  compare  lane  3  to  lane  4).  To  investigate  whether  the  trastuzumab 
affect  on  GLUT1  expression  could  be  though  Akt,  a  PI3K  inhibitor,  LY294002  (LY),  was  used  to  investigate 
whether  inhibition  of  PI3K  and  Akt  would  recapitulate  the  results  observed  with  Trastuzumab.  SKBr3  and 
BT474  cells  were  left  untreated  or  treated  with  25  pM  LY,  10  pg/ml  Trastuzumab,  100  pM  C0CI2,  both  25  pM 
LY  and  100  pM  C0CI2,  or  both  10  pg/ml  Trastuzumab  and  100  pM  C0CI2  and  incubated  overnight.  In  both 
cell  types,  Akt  was  inactivated  completely  by  LY  and  was  partially  inhibited  by  Trastuzumab  while  C0CI2 
treatment  alone  had  no  effect  on  Akt  (Figure  3B  and  3C).  In  SKBr3  cells,  Trastuzumab  and  LY  had  no  effect 
on  basal  GLUT1  levels,  but  both  drugs  inhibited  the  increase  in  GLUT1  seen  after  C0CI2  treatment  (Figure  3B). 
The  inhibition  was  not  complete  because  GLUT1  levels  are  still  higher  in  drug  plus  C0CI2  treated  samples  than 
the  basal  level  seen  without  C0CI2.  This  suggests  that  the  increase  in  GLUT1  after  C0CI2  treatment  requires 
PI3K  or  Akt,  which  are  inhibited  by  LY  and  Trastuzumab.  In  BT474  cells,  treatment  with  LY  reduced  the  basal 
level  of  GLUT1  and  also  inhibited  the  C0CI2  activation  of  GLUT1  (Figure  3C).  Trastuzumab  had  a  similar,  but 
less  pronounced  affect  as  LY.  The  observation  that  LY  strongly  inhibits  Akt  activation  and  also  strongly 
reduces  GLUT1  (both  with  and  without  C0CI2  treatment)  and  that  Trastuzumab  moderately  inhibits  Akt 
activation  and  moderately  reduces  GLUT1  activation  by  C0CI2  suggests  that  Trastuzumab  inactivation  of  Akt 
may  be  responsible  for  the  decreased  level  of  GLUT1.  These  results  also  indicate  Trastuzumab  may  affect  the 
metabolism  of  cancer  cells  in  addition  to  its  affects  on  cell  cycle  and  cell  signaling. 
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Figure  3- Trastuzumab  Regulation  of  Co++ 
Induced  GLUT1  Stabilization. 

A)  BT474  cells  were  treated  with  (+)  or  without  (-) 
1 00  gM  CoCI2  as  indicated  and  with  (+)  or  without 
(-)  10  gg/ml  Trastuzumab  as  indicated  for  18 
hours.  Immunoblot  analysis  using  anti-GLUTI 
antibody  was  then  performed.  B)  SKBR3  or  C) 
BT474  cells  were  left  untreated  (-)  or  treated  with 
25  jjJVI  LY294002  (L)  orlOpg/ml  Trastuzumab 
(T)  as  indicated;  and  treated  with  (+)  or  without  (-) 
100  pM  CoCI2  as  indicated  for  18  hours. 
Immunoblot  analysis  was  performed  using  anti- 
GLUTI  and  anti-phospho-Ser473-Akt  (P-Akt) 
antibodies. 
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January  2008  note:  Trastuzumab  was  not  effective  at  inducing  apoptosis  in  SKBr3  cells  and  only  weakly 
induced  apoptosis  in  BT474  cells  despite  the  effectiveness  of  trastuzumab  at  downregulating  Akt  activity  in 
both  ErbB2-overexpressing  cell  types.  Additionally,  downregulation  of  Akt  substrates  after  trastuzumab 
treatment  could  not  be  proven.  Therefore,  a  request  to  alter  the  statement  of  work  was  requested  and  the 
following  two  tasks  which  address  the  role  of  Aktl  in  ErbB2-induced  tumorigenesis  were  added  and  approved 
by  GOR  on  15  January  2008. 

Task  3  -  Determine  the  effect  of  activated  Aktl  overexpression  in  ErbB2-overexpressing  mouse 
mammary  tumors  (months  9-24) 

a.  Obtain  six  mammary  tumors  (and  normal  mammary  gland  controls)  generated  by  MMTV-c-ErbB2  mice  and 
six  mammary  tumors  (and  normal  mammary  gland  controls)  generated  by  bitransgenic  MMTV-c-ErbB2, 
MMTV-myr-Aktl  mice 

b.  Divide  tissue  samples  and  send  a  portion  for  histologic  sectioning  and  staining  and  lyse  the  remaining  portion 
for  immunoblot  analysis 

c.  Perform  immunoblot  analysis  comparing  tumors  from  c-ErbB2  mice  to  bitransgenic  c-ErbB2,  myr-Aktl  mice 
as  well  as  to  normal  mammary  gland  controls  using  the  following  antibodies  (all  commercially  available):  anti- 
HA  antibody  (to  detect  myr-Aktl  transgene),  anti-ErbB2,  anti-ErbB3,  anti-ErbB4,  anti-EGFR,  anti-phospho- 
ErbB2  (Tyr877),  anti-phospho-ErbB2  (Tyrl248),  anti-phospho-ErbB3  (Tyrl289),  anti-Rb,  anti-phospho-Rb 
(Ser780),  anti- Akt,  anti-phospho-Akt  (Ser473),  anti-Src,  anti-phospho-Src  (Tyr416),  4G10  anti-phospho- 
tyrosine  antibody,  pi 5,  p27  and  anti-eye lin  Dl,  and  anti-ERKl  and  anti-GLUTI . 

d.  Examine  the  histology  of  all  tumors  by  hematoxylin  &  eosin  staining  and  determine  rates  of  apoptosis  by 
anti-cleaved  caspase  3  immunohistochemsitry 

All  of  the  objectives  for  this  task  have  been  completed  and  have  been  published.  Please  see  the  appended 
article  for  full  description  (19). 


Task  4  -  Evaluate  tumorigenesis  in  a  syngenic  mouse  mammary  gland  tumor  cell  transplant  model  by 
transplanting  mouse  mammary  tumor  cell  lines  with  and  without  Aktl  expression  as  well  as  with  and 
without  Erk  expression  (months  24-36) 
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a.  Obtain  five  cell  lines  generated  from  mammary  tumors  taken  from  MMTV-c-ErbB2  mice  and  determine  the 
activation  and  expression  level  of  Akt,  ErbB2  and  Erk. 

b.  Obtain  shRNA  molecules  which  target  mouse  Aktl  and  shRNA  molecules  which  target  mouse  Erk  and 
evaluate  their  effectiveness  at  reducing  expression  of  Aktl  or  Erkl,  2  in  cultured  MMTV-c-ErbB2  tumor  lines 

c.  Transplant  mouse  mammary  tumor  cells  expressing  control  shRNA,  Aktl  shRNA,  Erk  shRNA  or  Aktl  and 
Erk  shRNA  and  determine  rates  of  tumorigenesis  and  rates  of  tumor  growth.  This  task  will  require  60  mice. 

d.  Using  immunoblot  analysis,  evaluate  the  expression  level  and  activation  status  of  ErbB2,  Akt,  and  Erk  in 
tumors  generated  by  tumor  cell  transplant. 

e.  Examine  tumors,  mammary  glands  and  tumor  cell  injection  sites  by  hemotoxylin  &  eosin  staining 

Expression  (and  phosphorylation)  of  EGFR  family  members,  Akt,  Erk  and  GLUT1  in  cell  lines 
established  from  ErbB2-induced  tumors  in  mice.  The  laboratory  of  Ann  Thor  has  established  several  cell 

lines  from  tumors 
derived  from 
MMTV-c-ErbB2 
mice  (20)  and  the 
lysates  for  5  of  these 
cell  lines  (78617, 
78622, 78717,  85815 
&  85819)  were 
examined  by 
immunoblot  (Figure 
4).  For  controls,  the 
lysates  from  an 
ErbB2  tumor  is 
included  in  lane  1  (T) 
and  lysates  of  HeLa 
cells  in  lane  2  of 
panel  A  and  the 

lysates  of  Eph4  cells  is  included  in  lane  1  of  panel  B.  The  ErbB2  tumor  and  78617,  85815  and  85819  cells 
express  activated  ErbB2  (P-ErbB2),  ErbB2,  activated  Akt  (P-Akt),  EGFR,  ErbB3  and  activated  Erk  (P-Erk). 

The  78622  and  78717  cell  lines  lack  the  expression  and  activation  of  the  EGFR  family  members  as  well  as  lack 
activation  of  Akt  and  Erk  even  though  they  express  Akt  and  Erk  (Figure  4).  All  cell  lines  and  the  tumor  sample 
express  GLUT1  with  the  exception  of  85815  cells.  This  assortment  of  expression  and  activation  of  ErbB2,  Akt, 
Erk  and  GLUT1  in  this  panel  of  cell  lines  provides  the  basis  to  either  reduce  expression  of  these  molecules 
using  shRNA  or  to  overexpress  these  molecules.  For  example,  78617  cells  contain  activated  ErbB2,  Akt,  Erk 
and  GLUT1,  so  all  these  molecules  can  be  potentially  reduced  by  shRNA.  78717  cells  lack  ErbB2,  activated 
Akt  and  Erk,  so  these  molecules  could  be  overexpressed  in  this  cell  line.  Since  85815  cells  have  low  levels  of 
GLUT1,  they  provide  a  useful  tool  for  the  overexpression  of  GLUT1. 

Evaluation  of  a  doxycycline  inducible  shRNA  construct  for  reduction  of  Aktl.  A  lentiviral-based  plasmid 
(pTRIPZ)  which  has  a  short  hairpin  RNA  that  targets  mouse  Aktl  and  a  red  fluorescent  protein  reporter  (RFP) 
under  control  of  a  doxycycline  inducible  promoter  was  purchased  from  Open  Biosystems.  Lentiviral  containing 
supernatants  were  created  by  co-transfecting  pTRIPZ  with  pDelta8.9  (helper  plasmid)  and  pVSVG  (envelope 
plasmid)  into  293T  cells  and  harvesting/filtering  the  lentivirus  containing  supernatants  at  48  hours.  The 
supernatant  was  used  to  transduce  78617  and  85815  cells  (which  express  Aktl  as  shown  above)  as  well  as 
another  mouse  cell  line,  Met  1.1,  which  is  derived  from  a  mammary  tumor  from  a  MMTV-polyoma  middle  T 
antigen  mouse.  Stable  clones  were  established  after  selection  in  puromycin.  Eight  puromycin-resistant  clones 
of  each  cell  line  were  evaluated  for  their  inducibility  using  the  RFP  reporter  under  control  of  the  doxycyc line- 
inducible  promoter.  Each  clone  was  either  left  untreated  (-Dox)  or  treated  with  1  pg/ml  doxyclycline  (+Dox) 
for  24  hours  and  induction  of  RFP  was  evaluated  using  fluorescent  microscopy  (panel  A).  The  three  clones  for 
each  cell  line  that  best  induced  RFP  (red)  are  shown  in  panel  A  along  with  a  blue  nuclear  counterstain  (DAPI). 
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Doxycycline  treatment  should  also 
induce  the  transcription  of  the  Aktl 
shRNA.  To  evaluate  whether 
doxycycline  treatment  induced  the 
Aktl  shRNA  (and  the  subsequent 
reduction  of  Aktl),  cell  lines  were 
treated  -/+  doxycycline  as  indicated 
for  24  hours  and  the  lysates  were 
harvested  and  evaluated  by 
immunoblot  for  Aktl  expression 
along  with  an  Actin  loading  control 
(panel  B).  Clone  1  in  Metl.1  cells 
demonstrates  a  doxycycline- 
dependent  reduction  of  Aktl  while 
the  other  two  clones  in  this  cell  line 
do  not.  Each  of  the  three  clones  in 
85815  cell  demonstrate  a  modest 
reduction  of  Aktl  following  the 
addition  of  doxycycline.  None  of  the 
786717  clones  demonstrate  a 
remarkable  reduction  of  Aktl  at  the 
24  hour  time  point,  though  clone  3 


may  have  a  slight  reduction.  One  reason  for  the  poor  reduction  of  Aktl  could  be  that  24  hours  is  not  long 
enough  to  induce  the  shRNA  and  mediate  the  knockdown  of  Aktl  mRNA  and  protein.  So,  the  best  clone  for 
each  cell  line  was  induced  with  with  1  pg/rnl  doxyc  lye  line  for  0,  1,  2  or  3  days  and  the  lysates  were  collected 
and  evaluated  for  Aktl  expression  by  immunoblot  analysis  (Figure  6).  Clone  3  of  78617  cells  and  clone  1  of 


78617  cl-3  85815  cl-2 
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01230123  012 
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Metl.1  cells  failed  to  demonstrate  any 
reduction  of  Aktl  at  any  point  during  the  3 
day  experiment.  Clone  2  of  85815  cells 
demonstrated  a  small  decrease  in  Aktl  after  3 
days  of  doxycycline  induction  (Figure  6). 


85815  Cl-2 

+  :Dox  (2  days) 

—  —  P-Akt 


Figure  6 

These  numerous  experiments  suggested  that  the  doxycycline  inducible  shRNA 
designed  to  reduce  Aktl  was  not  effective,  but  one  last  experiment  using  the  85815 
clone  2  cells  was  performed.  These  cells  were  treated  with  and  without  doxycycline 
for  2  days  (as  indicated),  lysates  were  collected  and  immunoblot  analysis  was 
performed  using  an  antibody  that  detects  phosphorylated/activated  Akt  (P-Akt)  as 
well  as  Aktl  (Figure  7).  The  shRNA  failed  to  reduce  Aktl  as  well  as  Akt 
activation,  so  work  with  this  doxycyline-inducible  Aktl  shRNA  lentivirus  was  Figure  7 

discontinued.  The  goal  of  reducing  activated  Akt  by  reducing  the  major  Akt  isoform,  Aktl,  using  this  shRNA 
construct  didn’t  appear  to  be  effective  despite  months  of  troubleshooting. 


Aktl 


Evaluation  of  a  panel  of  constitutively  expressed  shRNA  constructs  for  reduction  of  Aktl. 

Since  the  doxycyc line-inducible  Aktl  shRNA  failed  to  work  properly,  we  ordered  10  different  shRNA 
constructs  which  were  designed  to  target  mouse  Aktl  specifically  and  also  ordered  a  control  shRNA  vector  that 
targets  GFP  from  Open  Biosystems.  These  shRNA  constructs  are  not  inducible,  nor  do  they  contain  the  RFP 
reporter.  Lentiviral  containing  supernatants  were  generated  from  the  control  GFP  shRNA  construct  (G)  as  well 
as  the  ten  Aktl  shRNA  constructs  (3,  4,  5,  6,  7,  34,  35,  36,  37  &  38)  as  described  above  and  were  used  to 
transduce  Metl.1  cells  which  express  GFP-luciferase.  Stable  pools  of  cells  were  generated  by  selection  in 
puromycin.  Lysates  were  generated  and  evaluated  by  immunoblot  analysis  (Figure  8A).  Immunoblot  analyis 
using  antibodies  against  Aktl  or  total  Akt  demonstrated  that  shRNA  vectors  35,  36,  and  37  were  the  most 
effective  at  reducing  Aktl  and  total  Akt.  The  control  vector  which  targets  GFP  failed  to  reduce  Aktl,  but  did 
reduce  the  level  of  GFP  expressed  in  these  cells  (Figure  8A).  After  screening  all  eleven  shRNA  vectors,  the 
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GFP  shRNA  vector  and  the  sh38  vector  were  chosen  as  negative  controls  since  they  fail  to  reduce  Akt  while 
sh35  and  sh37  were  chosen  because  they  effectively  reduce  Aktl  (Figure  8A).  These  four  puromycin-resistant 

pools  of  cells  were  lysed  and 
evaluated  for  their  ability  to 
reduce  activated  Akt  as 
determined  by  immunoblot 
using  an  antibody  which 
recognizes  activated/ 
phosphorylated  Akt  (P-Akt) 
(Figure  8B).  While  shRNA 
35  and  37  effectively 
reduced  Aktl  and 
moderately  reduced  total 
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Akt,  they  failed  to  reduce  Akt  phosphorylation  (Figure  8B).  This  result  means  that  any  further  data  collection 
from  these  cell  lines  may  be  fruitless  or  confounding  since  reduction  of  Akt  phosphorylation/activation  and  its 
subsequent  effects  on  tumorigenesis  was  the  main  goal  of  task  4.  Using  these  same  shRNA  constructs  in  78617 
cells  failed  to  yield  cells  with  reduced  Akt  activation. 

The  overall  goal  of  task  4  was  to  evaluate  the  role  of  Akt  and  Erk  in  ErbB2  tumorigenesis  and  multiple  attempts 
to  reduce  Akt  activation  by  shRNA  were  not  effective  (Figures  5-8)  meaning  the  studies  on  tumorigenesis 
wouldn’t  be  able  to  be  performed  adequately.  While  struggling  to  reduce  Akt  by  shRNA,  we  were  successful  in 
reducing  GLUT1,  a  glucose  transporter  which  is  known  to  be  controlled  (at  least  in  part)  by  Akt  (Figure  9).  So, 
we  pursued  studies  with  these  cell  lines  that  have  GLUT1  reduced  by  shRNA  or  have  GLUT1  overexpressed 
and  the  results  of  these  studies  are  discussed  below. 
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Reduction  of  GLUT1  in  78617  GFP-luciferase  cells  reduces  glucose  consumption  and  lactate  secretion 

Figure  9 A)  78617 
GFP-Luciferase 
cells  were  stably 
transduced  with 
lentivirus 
expressing  control 
shRNA  (C)  or 
shRNA  targeting 
GLUT1  (Gl).  A 
western  blot 
demonstrates  that 
the  shRNA 
targeting  GLUT1 
reduces  the 
amount  of  GLUT1 
without  effecting 
the  levels  of  GFP- 

Luciferase  or  actin.  B&C)  400,000  78617  GFP-Luciferase  cells  expressing  control  shRNA  (shCTRL)  or 
GLUT  shRNA  (shGLUTl)  were  seeded  to  quadruplicate  wells  of  12  well  plates  and  incubated  overnight.  The 
conditioned  media  was  collected  at  24  hours  and  used  to  quanitate  the  amount  of  glucose  consumed  (panel  B) 
and  the  amount  of  lactate  secreted  (panel  C)  as  normalized  to  media  incubated  without  cells.  Glucose 
consumption  and  lactate  secretion  amounts  are  normalized  to  DNA  content  to  adjust  for  any  variance  in  cell 
number.  This  data  is  representative  of  two  experiments  and  demonstrates  that  we  can  reduce  GLUT1  and  this 
results  in  a  decrease  in  glucose  consumption  and  secretion  of  lactate,  a  byproduct  of  glycolysis. 
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Reduction  of  GLUT1  in  78617  GFP-luciferase  cells  reduces  glucose  transport  and  proliferation 

Figure  10A)  78617  GFP-Luciferase  cells 
expressing  control  shRNA  (shCNTRL)  or 
shRNA  targeting  GLUT1  (shGLUTl) 
were  seeded  in  quadruplicate  wells  of  24 
well  plates  at  a  density  of  200,000  cells 
per  well  and  allowed  to  incubate 
overnight.  The  cells  were  washed  with 
PBS  and  incubated  1  hour  with  DMEM 
lacking  glucose  followed  by  the  addition 
of  2  pCi  of  3H-2-deoxyglucose  which  was 
incubated  15  minutes.  Glucose  transport 
was  terminated  by  removing  the  media 
and  washing  the  monolayers  three  times 
with  ice  cold  PBS.  Monolayers  were 
lysed  with  NaOH  and  neutralized  with 
equal  volume  HC1  and  counted  by  liquid 
scintillation.  A  parallel  plate  not  incubated 
Figure  1 0  with  3H-2-deoxyglucose  was  used  to  determine  DNA  concentration  to  which  radioactivity 

counts  (CPM)  were  normalized.  This  is  representative  of  three  experiments  and  demonstrates 
that  shRNA  against  GLUT1  reduces  glucose  transport.  Figure  10B)  Proliferation  of  78617  GFP-luciferase  cells 
expressing  control  shRNA  or  GLUT1  shRNA  was  carried  out  by  seeding  10,000  cells  per  well  to  quadruplicate 
wells  of  quadruplicate  24  well  plates  and  lysing  plates  for  DNA  quantitation  at  8  hours  (day  0),  24  hours  (day 
1),  48  hours  (day  2),  and  72  hours  (day  3).  The  graph  indicates  the  increase  in  DNA  content  (-cell  number) 
over  the  timecourse  and  that  cells  with  reduced  GLUT1  have  a  reduced  rate  of  proliferation  as  compared  to  the 
control  cells.  This  is  representative  of  two  experiments. 


A  B 


Reduction  of  GLUT1  in  78617  GFP-luciferase  cells  reduces  growth  in  soft  agar 


78617  GFP-luciferase  cells  expressing  control  shRNA  or  GLUT1  shRNA  were  seeded  in  0.4% 
Figure  1 1  agar  at  io,000  cells  per  well  in  triplicate  to  six  well  plates  and  incubated  twenty  days. 

Quantitation  of  the  number  of  colonies  per  well  is  depicted  in  panel  A  and  a  picture  of  the  plate 
is  depicted  in  panel  B  of  figure  11.  These  results  are  representatitive  of  two  experiments.  These  data 
demonstrate  that  cells  with  reduced  GLUT1  have  reduced  anchorage  independent  growth. 
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GLUT1  reduction  in  85815  GFP-luciferase  cells  reduces  glucose  transport,  but  does  not  reduce 
proliferation 
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Figure  12 


Figure  12 A)  GLUT1  was  reduced  in 
85815  GFP-luciferase  cells  as 
explained  in  figure  9  and  this 
immunoblot  demonstrates  the  low 
basal  level  expression  of  GLUT1  in 
85815  cells  as  compared  to  78617 
cells  which  robustly  express  GLUT1. 
Figure  12B)  Uptake  of  of  3H-2- 
deoxyglucose  was  examined  as 
explained  in  figure  10a.  85815  cells 
expressing  shGLUTl  have  reduced 
3H-2-deoxyglucose  transport  as 
compared  to  control  cells.  This  is 
representative  of  two  experiments. 
Figure  12C)  Cellular  proliferation 
was  measure  as  explained  in  figure 
10b.  85815  GFP-luciferase  cells 
expressing  shGLUTl  do  not  exhibit 
impaired  proliferation. 


78617  GFP-luciferase  cells  expressing  shRNA  against  GLUT1  have  slower  initial  tumor  progression  than 
78617  GFP-Luciferase  cells  expressing  control  shRNA. 

78617  GFP-luciferase  cells  expressing  control  shRNA 
(C)  or  GLUT1  shRNA  (Gl)  were  injected  into 
contralateral  #4  mammary  fat  pads  of  athymic  nude  mice 
(0.5  million  cells  in  20  pi  50%  matrigel/50%  PBS). 

Bio  luminescence  from  the  labeled  tumor  cells  was 
detected  on  days  2,  4,  6,  8  and  10  after  implantation 
using  the  IVIS  bioimaging  system  (Figure  13).  The 
pictures  show  abdominal  region  of  the  mice  with  a  heat 
map  depicting  luciferase  activity  with  purple  being  low 
activity  and  red  being  high  activity.  Each  tumor  can  be 
seen  to  grow  over  time  as  indicated  by  increased  heat 
map  signal  as  the  timecourse  continues.  This  data  is 
quantitated  below  in  figure  14.  The  heat  map 
qualitatively  demonstrates  that  the  tumors  initiated  from 
cells  expressing  GLUT1  shRNA  have  reduced  growth  as 
compared  to  the  tumors  initiated  from  control  cells. 
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Quantitation  of  78617  GFP-luciferase-derived  tumors  pictured  in  figure  13 


Figure  14)  Each  of  the  five  smaller  graphs  represents  the  luciferase  activity  of  a  single  mouse  pictured  in  figure 
13  as  measured  on  days  2,  4,  6  and  8  while  the  larger  graph  in  the  upper  left  represents  the  average  luciferase 
activity  +/-SEM  of  all  five  mice.  Each  tumor  derived  from  shGLUTl  cells  (dashed  lines)  is  smaller  than  the 
contralateral  tumor  derived  from  control  shRNA  expressing  cells  (solid  lines)  suggesting  that  GLUT1  is  a 
critical  mediator  of  tumor  growth. 


Tumors  intiated  from  tumor  cells  expressing  GLUT1  shRNA  maintain  decreased  levels  of  GLUT1 

The  animals  described  in  figures  13  &  14  were 
sacrificed  ten  days  after  tumor  cell  injection 
and  their  tumors  were  removed.  A  portion  of 
each  tumor  was  lysed  and  analyzed  for  GLUT1 
and  actin  expression  by  immunoblot.  The 
tumors  initiated  from  78617  GFP-Luciferase 


co 

oo 


C  Gl 

C  Gl 

C  Gl 

c 

Gl  : 

shRNA 

• 

mm 

• 

•  l 

GLUT1 

Actin 


Figu  i  1 5  cehs  expressing  control  shRNA  have  high  levels  of  GLUT1  and  the  tumors  initiated  from  cells 
expressing  GLUT1  shRNA  maintain  low  levels  of  GLUT1  indicating  that  the  cells  of  these 
tumors  maintain  expression  of  the  GLUT1  shRNA. 


Overexpression  of  GLUT1  in  85815  cells  does  not  increase  glucose  consumption  or  lactate  secretion 

Figure  16A)  85815  GFP- 
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Figure  16 


luciferase  cells  (which  have 
low  levels  of  GLUT1)  were 
transduced  with  a  GLUT1 
expressing  retrovirus  (Gl)  or 
an  empty  vector  retrovirus  (V) 
and  this  immunoblot 
demonstrates  effective 
overexpression  of  GLUT1 
without  affecting  the  levels  of 
actin  or  GFP-luciferase.  These 
cells  were  evaluated  for 
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glucose  consumption  (B)  and  lactate  secretion  (C)  as  described  in  figure  9,  but  overexpression  of  GLUT1  did 
not  affect  either  of  these  activities.  This  data  is  representative  of  two  experiments. 

Overexpression  of  GLUT1  in  85815  GFP-luciferase  cells  increases  glucose  transport,  but  does  not  effect 
cellular  proliferation 

Figure  17  Figure  17A)  85815  GFP- 

A  B  luciferase  cells  overexpressing 

GLUT1  (GLUT1)  or  the  empty 
vector  control  cells  (vec)  were 
analyzed  for  uptake  of  3H-2- 
deoxyglucose  explained  in 
figure  10.  Cells  overexpressing 
GLUT1  transport  more  3H-2- 
deoxyglucose  than  the  control 
cells.  B)  Overexpression  of 
GLUT1  does  not  effect 
proliferation.  This  assay  was 
performed  as  described  in 
figure  2b. 


85815  GFP-luciferase  tumor  cells  overexpressing  GLUT1  have  faster  initial  tumor  progression  than 
85815  GFP-luciferase  cells  expressing  empty  vector 


V  G1  G1  V  V  G1  G1  V  V  G1  expression 

[til  £4J 

Day  12 


%]Day  14 


85815  GFP-luciferase  cells  expressing  empty 
vector  (V)  or  overexpressing  GLUT1  (Gl)  were 
injected  into  the  mammary  fat  pad  of  athymic 
nude  mice  as  described  in  figure  13.  The 
tumors  were  analyzed  for  bio  luminescence  on 
days  3,  6,  9,  12  and  14  post-transplant.  The 
tumors  initiated  from  cells  overexpressing 
GLUT1  appear  to  have  a  faster  rate  of  tumor 
growth  as  indicated  by  increased  signal  on  the 
heat  map  as  compared  to  the  contralateral 
tumors  initiated  from  control  cells.  This  data  is 
quantitated  in  figure  19 


Figure  18 
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Quantitation  of  tumor  growth  initiated  from  85815  cells  shown  in  figure  18 
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Figure  19:  Each  of  the  five  smaller  graphs  represents  the  luciferase  activity  of  a  single  mouse  as  measured  on 
days  3,  6,  9,  12  and  14  while  the  larger  graph  in  the  upper  left  represents  the  average  luciferase  activity  +/-SEM 
of  all  five  mice.  Each  tumor  derived  from  cells  overexpressing  GLUT1  (solid  lines)  is  bigger  than  the 
contralateral  tumor  derived  from  control  cells  (dashed  lines)  at  later  time  points. 


KEY  RESEARCH  ACCOMPLISHMENTS 

•  Trastuzumab  inhibits  Akt  activity  in  HER2  overexpressing  breast  cancer  cell  lines 

•  Inhibition  of  Akt  activity  by  Trastuzumab  fails  to  upregulate  two  pro-apoptotic  substrates  of  Akt:  FKHR 
and  Bad 

•  Trastuzumab  does  not  robustly  induce  apoptosis  in  vitro 

•  Trastuzumab  inhibits  the  expression  of  GLUT1  and  cobalt-induced  increase  in  GLUT1  expression  in  a 
manner  similar  to  inhibition  of  PI3K/Akt 

•  Overexpression  of  constitutively  active  Aktl  in  the  mammary  tumors  of  MMTV-c-ErbB2  mice 
accelerates  tumorigenesis 

o  Tumors  with  activated  Akt  have  a  reduced  requirement  for  a  significant  subset  of  plasma 
membrane  tyrosine  kinase  signaling 

o  Tumors  with  activated  Akt  have  increased  GLUT1  and  increased  glucose  metabolism 

•  Reducing  the  expression  of  GLUT1  reduces  the  glucose  metabolism  of  cultured  tumor  cells  and  also 
decreases  proliferation,  growth  in  soft  agar  and  growth  in  an  athymic  nude  mouse  tumor  model 

•  Overexpressing  GLUT1  may  increase  glucose  metabolism  of  breast  cancer  cells  and  increases  their 
growth  in  an  athymic  nude  mouse  tumor  model 


REPORTABLE  OUTCOMES 

Publications  during  graduate  school: 

Young  CD,  Nolte  EC,  Lewis  A,  Serkova  NJ,  Anderson  SM:  Activated  Aktl  accelerates  MMTV-c-ErbB2 
mammary  tumourigenesis  in  mice  without  activation  of  ErbB3.  Breast  Cancer  Res  2008, 10:R70. 

Young  CD,  Anderson  SM.  Sugar  and  fat  -  that's  where  it's  at:  metabolic  changes  in  tumors.  Breast 
Cancer  Res.  2008,10(1):202. 

Lambert  JR,  Young  CD,  Persons  KS,  Ray  R.  Mechanistic  and  pharmacodynamic  studies  of  a  25- 
hydro  xyvitamin  D3  derivative  in  prostate  cancer  cells.  Biochem  Biophys  Res  Commun.  2007  Sep 
14;361(l):189-95. 
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•  All  aspects  of  this  work  has  been  presented  annually  at  the  UCHSC  Pathology  Department  Research  in 
Progress  Seminar  as  well  as  the  UCHSC  Pathology  Department  Grand  Rounds 

•  “Activated  Aktl  accelerates  MMTV-c-ErbB2  mammary  tumourigenesis  in  mice  without  activation  of 
ErbB3”  has  been  presented  as  a  poster  at  a  UCHSC  cancer  center  conference  as  well  as  at  the  DOD 
BCRP  Era  of  Hope  meeting  held  in  Baltimore  in  2008 

•  The  data  regarding  shRNA  and  overexpression  of  GLUT1  (figures  9-19  above)  was  submitted  as  an 
abstract  for  the  2009  American  Association  of  Cancer  Research  (AACR)  annual  meeting  and  will 
presented  as  a  poster  at  that  meeting  in  April  2009  by  CDY 

o  Much  of  this  data  is  being  formally  prepared  for  publication 

•  The  thesis  committee  for  CDY  has  approved  his  research  (most  of  which  is  discussed  above)  and  asked 
that  he  begin  writing  his  dissertation  which  he  is  expected  to  defend  in  June  2009 

•  Numerous  novel  cell  lines  have  been  created: 

o  78617  cells  expressing  GFP-luciferase  (as  well  as  numerous  shRNA  vectors  against  GLUT1, 
GFP,  and  Akt) 

o  85815  cells  expressing  GFP-luciferase  (as  well  as  numerous  shRNA  vectors  against  GLUT1, 
GFP,  and  Akt) 

o  Met  1.1  cells  expressing  GFP-luciferase  (as  well  as  numerous  shRNA  vectors  against  GLUT1, 
GFP,  and  Akt) 

o  85815  cells  expressing  GFP-luciferase  (as  well  as  overexpressing  empty  vector  or  GLUT1) 

•  Steve  Anderson  (mentor  to  CDY)  has  included  much  of  the  data  discussed  in  grant  applications  (to  the 
DOD,  Susan  G  Komen  Foundation  and  the  NIH)  which  propose  to  further  evaluate  the  role  of  GLUT1 
and  other  glucose  transporters  in  breast  cancer  as  well  as  broader  aims  of  characterizing  the  metabolism 
of  tumors 

CONCLUSIONS 

Using  two  HER2  overexpressing  human  breast  cancer  cell  lines,  SKBr3  and  BT474,  we  demonstrated 
inactivation  of  Akt  by  Trastuzumab.  However,  inactivation  of  Akt  failed  to  induce  apoptosis  in  these  cell  lines. 
In  agreement,  Trastuzumab  failed  to  upregulate  two  important  pro-apoptotic  substrates  of  Akt,  Bad  and  FKHR. 
Additionally,  the  expression  of  HER2  and  the  other  receptors  of  the  EGFR  family  was  similar  before  and  after 
Trastuzumab  treatment.  Trastuzumab  decreased  the  expression  of  the  GLUT1  glucose  transporter  and  also 
inhibited  its  cobalt-dependent  increase  in  expression  similar  to  inhibition  of  the  PI3K/Akt  pathway.  This 
suggests  the  inhibition  of  Akt  by  Trastuzumab  may  be  responsible  for  the  reduced  GLUT1  expression.  Thus, 
while  Trastuzumab  does  not  seem  to  induce  apoptosis,  it  may  effect  the  metabolic  needs  of  cancer  cells  via 
down  regulation  of  GLUT1  and  it  does  inhibit  activation  of  Akt  which  others  have  shown  causes  growth  arrest 
and  sensitizes  cancer  cells  to  other  drugs  (11,  12). 

Overexpression  of  constitutively  active  Akt  in  the  mammary  gland  of  MMTV-c-ErbB2  mice  accelerates 
tumorigenesis.  The  accelerated  tumorigenesis  appeared  to  occur  without  some  of  the  “classical”  signaling  that 
occurs  downstream  of  ErbB2,  such  as  activation  of  other  EGFR  members  and  Src.  Thus,  the  bitransgenic  mice 
overexpress  ErbB2,  but  because  they  lack  some  of  the  signaling  downstream  of  ErbB2,  they  may  actually  be 
resistant  to  trastuzumab  because  ErbB2  function  may  not  be  terribly  important  when  Akt  is  activated  by 
pathways  other  than  ErbB2.  The  bitransgenic  mice  also  overexpressed  GLUT1  and  had  increased  glucose 
metabolism  which  suggests  another  possible  mechanism  of  increase  tumorigenesis.  Using  shRNA  in  mammary 
tumor  cells  derived  from  ErbB2-induced  tumors,  we  were  able  to  reduce  GLUT1  expression  and  this  caused  a 
decrease  in  glucose  metabolism  as  well  as  growth  tumor  cell  growth  in  vitro  and  and  tumor  growth  in  vivo. 
These  results  suggest  that  therapeutically  targeting  glucose  metabolism  in  breast  cancer  is  worth  further 
investigation  and  may  provide  another  molecularly  targeted  approach  to  cancer  therapy. 
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Abstract 


Introduction  ErbB2,  a  member  of  the  epidermal  growth  factor 
receptor  (EGFR)  family,  is  overexpressed  in  20%  to  30%  of 
human  breast  cancer  cases  and  forms  oncogenic  signalling 
complexes  when  dimerised  to  ErbB3  or  other  EGFR  family 
members. 

Methods  We  crossed  mouse  mammary  tumour  virus  (MMTV)- 
myr-Aktl  transgenic  mice  (which  express  constitutively  active 
Aktl  in  the  mammary  gland)  with  MMTV-c-ErbB2  transgenic 
mice  to  evaluate  the  role  of  Aktl  activation  in  ErbB2-induced 
mammary  carcinoma  using  immunoblot  analysis,  magnetic 
resonance  spectroscopy  and  histological  analyses. 

Results  Bitransgenic  MMTV-c-ErbB2,  MMTV-myr-Aktl  mice 
develop  mammary  tumours  twice  as  fast  as  MMTV-c-ErbB2 
mice.  The  bitransgenic  tumours  were  less  organised,  had  more 
mitotic  figures  and  fewer  apoptotic  cells.  However,  many 
bitransgenic  tumours  displayed  areas  of  extensive  necrosis 
compared  with  tumours  from  MMTV-c-ErbB2  mice.  The  two 
tumour  types  demonstrate  dramatically  different  expression  and 
activation  of  EGFR  family  members,  as  well  as  different 
metabolic  profiles.  c-ErbB2  tumours  demonstrate 
overexpression  of  EGFR,  ErbB2,  ErbB3  and  ErbB4,  and 
activation/phosphorylation  of  both  ErbB2  and  ErbB3, 
underscoring  the  importance  of  the  entire  EGFR  family  in 


ErbB2-induced  tumourigenesis.  Tumours  from  bitransgenic 
mice  overexpress  the  myr-Aktl  and  ErbB2  transgenes,  but  there 
was  dramatically  less  overexpression  and  phosphorylation  of 
ErbB3,  diminished  phosphorylation  of  ErbB2,  decreased  level  of 
EGFR  protein  and  undetectable  ErbB4  protein.  There  was  also 
an  observable  attenuation  in  a  subset  of  tyrosine- 
phosphorylated  secondary  signalling  molecules  in  the 
bitransgenic  tumours  compared  with  c-ErbB2  tumours,  but  Erk 
was  activated/phosphorylated  in  both  tumour  types.  Finally,  the 
bitransgenic  tumours  were  metabolically  more  active  as 
indicated  by  increased  glucose  transporter  1  (GLUT1) 
expression,  elevated  lactate  production  and  decreased 
intracellular  glucose  (suggesting  increased  glycolysis). 

Conclusion  Expression  of  activated  Aktl  in  MMTV-c-ErbB2 
mice  accelerates  tumourigenesis  with  a  reduced  requirement 
for  signalling  through  the  EGFR  family,  as  well  as  a  reduced 
requirement  for  a  subset  of  downstream  signaling  molecules 
with  a  metabolic  shift  in  the  tumours  from  bitransgenic  mice.  The 
reduction  in  signalling  downstream  of  ErbB2  when  Akt  is 
activated  suggest  a  possible  mechanism  by  which  tumour  cells 
can  become  resistant  to  ErbB2-targeted  therapies, 
necessitating  therapies  that  target  oncogenic  signalling  events 
downstream  of  ErbB2. 


ANOVA  =  analysis  of  variance;  Aktl  DD  =  constitutively  active  Aktl  mutant  bearing  two  phospho-mimetic  mutations;  EGFR  =  epidermal  growth  factor 
receptor;  ERK  =  extracellular-signal  regulated  kinase;  FVB  =  inbred  mouse  strain  which  was  exclusively  used  in  this  study;  Gab2  =  Grb2  associated 
binding  protein  2;  GLUT  1  =  glucose  transporter  1 ;  L2  =  lactation  day  2;  HIF1  =  Hypoxia  inducible  factor  1 ;  MMTV  =  mouse  mammary  tumour  virus; 
MRS  =  magnetic  resonance  spectroscopy;  Myr-Aktl  =  constitutively  active  Aktl  mutant  bearing  the  myristolation  sequence  from  Src;  NMR  =  nuclear 
magnetic  resonance;  PI3K  =  phosphatidyl  inositol-3  kinase;  PTEN  =  phosphatase  and  tensin  homologue  deleted  on  chromosome  1 0;  PVDF  =  poly- 
vinylidene  difluoride;  Rb  =  retinoblastoma;  SD  =  standard  deviation;  SDS-PAGE  =  sodium  dodecyl  sulfate  polyacrylamide  gel  electrophoresis;  She 
=  Src  homology  2  domain-containing  transforming  protein  Cl ;  TMSP  =  trimethylsilyl  propionic-2,2,3,3,-d4  acid. 
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Introduction 

The  ErbB2/Neu/HER2  oncogene  is  amplified  and  overex¬ 
pressed  in  20%  to  30%  of  human  breast  cancer  cases,  and 
expression  of  ErbB2  is  associated  with  aggressive  metastatic 
tumour  behaviour,  decreased  time  to  clinical  relapse  and  poor 
prognosis  [1,2].  The  importance  of  c-ErbB2  in  mammary 
tumourigenesis  was  further  established  through  a  study  of 
transgenic  mice  that  expressed  either  activated  ErbB2  (Neu- 
NT)  [3,4]  or  non-activated  c-ErbB2  [5,6].  Activated  ErbB2- 
induced  tumours  in  male  and  female  mice  have  an  average 
time  to  tumour  appearance  of  1 1 4  and  89  days,  respectively 
[3],  while  expression  of  non-activated  c-ErbB2  in  the  mam¬ 
mary  gland  of  transgenic  mice  resulted  in  tumour  formation  in 
female  mice  in  1 50  to  300  days,  with  the  latency  depending 
on  the  founder  line  examined  [5,6].  The  most  extensively  inves¬ 
tigated  transgenic  line  to  date  is  the  mouse  mammary  tumour 
virus  (MMTV)-c-ErbB2  line  202  female  mice  in  which  adeno¬ 
carcinomas  appear  with  an  average  latency  of  205  days  [6]. 
Overexpression  of  c-ErbB2  mRNA  and  protein,  elevated  c- 
ErbB2  kinase  activity  and  increased  tyrosine  phosphorylation 
of  cellular  proteins  was  observed  in  tumour  tissue,  but  not  in 
normal  mammary  tissue  from  the  same  mouse  [6]. 

Protein  levels  of  ErbB3  and  tyrosine  phosphorylation  of  ErbB3 
are  increased  in  mammary  tumours  from  transgenic  mice 
expressing  activated  ErbB2  (Neu-DL)  [7],  suggesting  that 
ErbB2  and  ErbB3  function  as  an  oncogenic  unit  [8,9].  Holbro 
et  al.  [9]  demonstrated  that  loss  of  either  functional  ErbB2  or 
ErbB3  results  in  a  loss  of  tumour  cell  proliferation  even  though 
ErbB3  does  not  possess  an  active  tyrosine  kinase  domain 
[10].  ErbB3  phosphorylation  activates  phosphatidylinositol  3- 
kinase  (PI3K)  and  its  downstream  target,  Akt,  thus  providing  a 
possible  mechanism  for  the  requirement  for  both  ErbB2  and 
ErbB3  in  stimulating  mammary  tumourigenesis.  This  gives  rise 
to  the  hypothesis  that  expression  of  activated  Akt  could  com¬ 
pensate  for  the  expression  of  ErbB3  in  ErbB2-induced  mam¬ 
mary  tumours. 

Our  group  and  others  have  demonstrated  that  expression  of 
activated  Aktl  [11,12]  or  overexpression  of  non-activated 
Aktl  [13]  can  delay  mammary  gland  involution.  In  spite  of  the 
fact  that  Akt  was  discovered  as  an  oncogene  which  induces 
leukaemia  [1 4],  mammary  tumours  were  not  observed  in  these 
transgenic  mice  [1 1-13].  Hutchinson  et  al.  demonstrated  that 
activated  Aktl  could  accelerate  mammary  tumourigenesis  in 
transgenic  mice  that  express  activated  ErbB2  [15].  Similarly, 
deletion  of  one  or  both  alleles  of  phosphatase  and  tensin 
homolog  (PTEN),  a  negative  regulator  of  Akt  signalling,  accel¬ 
erates  tumour  induction  in  another  ErbB2  mouse  mammary 
tumour  model  [1  6].  In  the  current  study,  we  demonstrate  that 
transgenic  expression  of  activated  Aktl  can  accelerate  mam¬ 
mary  tumourigenesis  in  the  MMTV-c-ErbB2  mice.  However, 
we  observe  a  significant  attenuation  of  tyrosine  kinase  signal¬ 
ling  in  tumours  from  the  bitransgenic  MMTV-myr-Aktl ,  MMTV- 
c-ErbB2  animals  compared  with  tumours  from  the  MMTV-c- 


ErbB2  animals,  particularly  with  regard  to  ErbB3  and  Src. 
These  results  have  implications  for  human  ErbB2-positive 
tumours  that  may  also  have  high  levels  of  activated  Akt, 
whether  due  to  the  loss  of  the  tumour  suppressor  PTEN  or 
mutations  in  either  PI3K  or  Akt. 

Materials  and  methods 

Mice  lines 

The  MMTV-c-ErbB2  (line  202)  transgenic  mice  [6]  were 
obtained  from  The  Jackson  Laboratory,  Bar  Harbor,  ME. 
Details  of  the  MMTV-myr-Aktl  mice  have  been  previously 
described  [1 1].  These  two  FVB-derived  transgenic  lines  were 
crossed  and  progeny  genotypes  were  determined  by  PCR 
analysis.  Virgin  MMTV-c-ErbB2  and  bitransgenic  MMTV-c- 
ErbB2,  MMTV-myr-Aktl  female  mice  were  palpated  weekly  to 
detect  the  presence  of  mammary  tumours  starting  at  60  days 
of  age.  Tumours  were  excised  when  they  reached  1  cm  in 
diameter  and  1  cm  deep,  and  normal,  non-tumourigenic  mam¬ 
mary  tissue  was  harvested  from  the  same  animal  at  the  time  of 
tumour  harvest.  All  mice  were  maintained  in  the  Center  for 
Comparative  Medicine  at  the  University  of  Colorado  Denver  - 
Anshutz  Medical  Campus,  an  Association  for  Assessment  and 
Accrediation  of  Laboratory  Animal  Care-approved  facility,  and 
used  in  accordance  with  Institutional  Animal  Care  and  Use 
Committee-approved  protocols. 

Isolation  of  tail  DNA  and  genotyping  by  PCR 

DNA  was  extracted  from  1 .5  cm  sections  of  tail  and  genotyp¬ 
ing  was  performed  using  previously  described  protocols  [11]. 
Detection  of  the  Myr-Aktl  transgene  utilised  a  forward  primer 
which  anneals  to  the  Aktl  sequence:  (5'-GCCGCTACTAT- 
GCCATGAAGA-3')  and  a  reverse  primer  which  anneals  to  the 
HA  (haemagglutin)  epitope:  (5?-GTAATCTGGAACATCG- 
TATGGGTA-3').  Detection  of  the  ErbB2  transgene  utilised  the 
forward  primer  (Neu-3)  5'-CGGAACCCACATCAGGCC-3f 
and  the  reverse  primer  (Neu-4)  5?-TTTCCTGCAG- 
CAGCCTACGC-3'  [1  7]. 

Mutation  analysis  of  tumour  ERBB2  transgene 

Total  RNA  isolated  from  tumour  samples  was  subjected  to  sin¬ 
gle-strand  cDNA  synthesis  using  2.5  pM  random  hexamers 
and  1  jLtg  RNA.  Amplification  of  the  rat  ERBB2  gene,  nucle¬ 
otides  1492  to  2117,  was  performed  using  forward  primer 
AB2913,  5'-CGGAACCCACATCAGGCC-3',  and  reverse 
primer  AB1310,  5'-TTTCCTGCAGCAGCCTACGC-3’,  as 
previously  described  [1 8].  The  PCR  products  were  separated 
on  a  2%  agarose  gel,  the  bands  of  interest  (representing  trun¬ 
cated  ERBB2)  were  purified  and  then  re-amplified  using  the 
same  primers.  Sequence  analysis  was  conducted  by  the  Uni¬ 
versity  of  Colorado  Cancer  Center  Sequencing  Core  using 
forward  primer  1882,  5'-CACTACAAGGACTCGTCCT-3’, 
and  reverse  primer  2133,  5'-CCAACGACCACCACTAAG-3'. 
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Histological  analysis  and  mitotic  index  quantification 

Dissected  tumours  and  normal  mammary  tissue  were  fixed  in 
4%  neutral  buffer  formalin,  embedded  in  paraffin,  sectioned  (4 
jLim)  and  stained  with  haematoxylin  and  eosin.  Histological 
sectioning  and  staining  were  performed  by  the  Histology  Serv¬ 
ice,  Department  of  Pathology,  University  of  Colorado  School 
of  Medicine.  The  mitotic  index  of  tumours  of  each  genotype 
was  determined  by  counting  the  number  of  mitotic  figures  in 
1 0  fields  of  view  with  a  magnification  of  500  and  the  data  were 
presented  as  the  mean  of  three  tumours  +/-  standard  deviation 
(SD). 

Quantification  of  apoptotic  cells 

Detection  of  apoptotic  cells  was  performed  by  immunohisto- 
chemical  staining  with  anti-active  caspase-3  antibody  (Cell 
Signaling  Technologies,  Beverly,  MA,  USA).  For  antigen 
retrieval,  slides  in  citrate  buffer  were  heated  in  a  microwave  for 
20  minutes  and  allowed  to  cool  before  blocking  with  1 0%  nor¬ 
mal  goat  serum.  Slides  were  incubated  overnight  at  4°C  with 
anti-activated  caspase-3  antibody  at  a  dilution  of  1 :1 00.  Non¬ 
specific  peroxidase  activity  was  quenched  with  1%  hydrogen 
peroxide  followed  by  secondary  antibody  (goat  anti-rabbit) 
then  tertiary  Vector  ABC  (Vector  Laboratories,  Burlingame, 
CA,  USA).  Colour  development  was  achieved  by  incubation 
with  DAB  followed  by  counterstaining  with  Gill's  Haematoxy¬ 
lin.  Cell  counts  were  performed  on  a  minimum  of  five  fields  of 
view  per  slide  from  three  mice  (total  cells  counted  ranged  from 
1 800  to  2500  per  mouse). 

Immunoblot  analysis 

Protein  was  extracted  from  frozen  tumour  tissue  and  normal 
tissue  by  grinding  them  to  a  powder  under  liquid  nitrogen, 
resuspended  in  Mammary  Gland  Lysis  Buffer  (50  mM  Tris  (2- 
Amino-2-(hydroxymethyl)-1 ,3-propanediol)  pH  7.4,  150  mM 
sodium  chloride,  2  mM  EDTA,  50  mM  sodium  fluoride,  1%  Tri¬ 
ton  X-1 00,  1  %  deoxycholic  acid,  0.1  %  sodium  dodecyl  sulfate 
[SDS],  1  mM  dithiothreitol,  5  mM  sodium  orthovanadate,  100 
jug/ml  phenylmethanesulphonylfluoride  and  a  complete  pro¬ 
tease  inhibitor  cocktail  (Roche  Applied  Sciences,  Indianapolis, 
IN,  USA)),  followed  by  Dounce  homogenisation.  Lysates  were 
clarified  by  centrifugation  and  protein  concentrations  deter¬ 
mined  using  the  Bradford  assay  (BioRad,  Hercules,  CA,  USA). 
Equal  amounts  of  total  protein  per  lane  (2  to  50  jug)  were 
resolved  on  SDS-polyacrylamide  gels,  transferred  to  polyvinyli- 
dene  difluoride  (PVDF)  membrane  (Immobilon-P,  Millipore, 
Bedford,  MA,  USA)  and  immunoblotted  with  the  desired 
antibody. 

Anti-HA  antibody  was  obtained  from  Roche  Applied  Sciences 
(Indianapolis,  IN,  USA).  Anti-phospho-ErbB2  (Tyr877),  anti- 
phospho-ErbB3  (Tyr1289),  anti-phospho-retinoblastoma  (Rb) 
(Ser780),  anti-phospho-Akt  (Ser473),  anti-phospho-Src 
(Tyr416),  anti-phospho-Gab2  (Tyr452),  anti-phospho-Shc 
(Tyr3 1 3),  anti-phospho-Shc  (Tyr239/240),  anti-Akt,  anti-pi  5, 
anti-p27  and  anti-cyclin  D1  antibodies  were  obtained  from 


Cell  Signaling  Technologies  (Beverly,  MA,  USA).  The  anti- 
ErbB2,  anti-ErbB3,  anti-ErbB4,  anti-EGFR,  anti-Src,  anti-Shc, 
anti-p-actin  and  anti-ERKI  antibodies  were  obtained  from 
Santa  Cruz  Biotechnology  (Santa  Cruz,  CA,  USA).  The  anti- 
phospho-ErbB2  (Tyrl  248)  was  obtained  from  Abeam  (Cam¬ 
bridge,  MA,  USA).  The  anti-Rb  antibody  was  obtained  from  BD 
Pharmingen  (San  Jose,  CA,  USA).  The  anti-phospho-ERK  anti¬ 
body  was  obtained  from  Promega  (Madison,  Wl,  USA).  The 
anti-Gab2  polyclonal  antibody  was  generously  supplied  by  Dr. 
Haihua  Gu  (University  of  Colorado,  Denver,  USA).  The  glu¬ 
cose  transporter  1  (GLUT1)  polyclonal  antibody  was  gener¬ 
ated  by  Global  Peptide  (Fort  Collins,  CO,  USA)  by  immunising 
rabbits  with  a  peptide  corresponding  to  the  C-terminus  of  the 
human/mouse  GLUT1  sequence  (KTPEELFHPLGADSQV) 
and  affinity  purifying  the  resulting  IgG. 

Metabolic  profiling  of  tumours  by  magnetic  resonance 
spectroscopy 

Snap-frozen  tissues  were  ground  into  a  powder  under  liquid 
nitrogen  then  homogenised  by  sonication  in  chloroform-meth¬ 
anol  to  precipitate  proteins  and  separate  aqueous  and  lipid- 
soluble  metabolites  as  described  [19].  The  lyophilised  aque¬ 
ous  and  lipid  extracts  were  dissolved  in  deuterated  solvents 
and  analysed  using  high-resolution  1H-magnetic  resonance 
spectroscopy  (MRS)  with  the  Bruker  narrow-bore  500  MHz 
DRX  system  and  an  inverse  TXI-5-mm  probe  (Bruker  Biospin 
Inc.,  Fremont,  CA,  USA).  The  following  ^-nuclear  magnetic 
resonance  (NMR)  parameters  with  water  suppression  ('zgpr') 
were  used:  500.1  2  MHz  operating  1H  frequency;  40  accumu¬ 
lations;  0  dB  power  level;  55  dB  irradiation  power  level;  7.5  |lis 
pulse  width;  1  2  ppm  spectral  width;  and  1  2.8  second  repeti¬ 
tion  time  (fully  relaxed).  An  external  standard  substance,  tri- 
methylsilyl  propionic-2,2,3,3,-d4  acid  ([TMSP]  20  and  50  mM 
in  heavy  water)  in  a  thin  sealed  glass  capillary  was  placed  into 
the  NMR  tubes  during  all  experiments  for  metabolite  quantifi¬ 
cation  and  as  a  1H  chemical  shift  reference  (at  0  ppm).  After 
performing  Fourier  transformation,  phase  and  base  line  correc¬ 
tions,  each  1H  peak  of  corresponding  metabolites  was  inte¬ 
grated  using  ID  WINNMR  program  (Bruker  Biospin  Inc., 
Fremont,  CA,  USA).  The  NMR  peak  assignment  was  con¬ 
firmed  by  two-dimensional  NMR  spectra  [19].  All  quantitative 
data  sets  from  ^-MRS  are  reported  as  mean  ±  SD  (n  =  5  for 
each  group).  The  p  values  (from  analysis  of  variance  [ANOVA]) 
below  0.05  were  considered  as  statistically  significant. 

Results 

Activated  myr-Aktl  accelerates  mammary 
tumourigenesis  in  MMTV-c-ErbB2  transgenic  mice 

We  have  previously  described  the  transgenic  mice  that 
express  the  activated  myr-Aktl  transgene  in  the  mammary 
gland  which  rarely  develop  tumours  [1 1].  MMTV-c-ErbB2  (line 
202)  mice  express  the  wild  type  rat  ERBB2  gene  in  the  mam¬ 
mary  gland  and  have  been  an  extensively  used  model  of  mam¬ 
mary  carcinomas  [20-22].  To  determine  whether  myr-Aktl 
could  accelerate  mammary  tumourigenesis,  we  crossed 
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Figure  1 


Bitransgenic  MMTV-myr-Aktl ,  MMTV-c-ErbB2  mice  have  decreased  mammary  tumour  latency,  more  aggressive  tumour  histology  and  decreased 
apoptosis  compared  with  MMTV-c-ErbB2  mice,  (a)  Mammary  tumour  latency  in  bitransgenic  MMTV-myr-Aktl,  MMTV-c-ErbB2  mice  and  MMTV-c- 
ErbB2  mice.  Sixty  days  after  birth,  bitransgenic  MMTV-myr-Aktl ,  MMTV-c-ErbB2  and  MMTV-c-ErbB2  mice  were  palpated  weekly  to  monitor  for  the 
presence  of  mammary  tumours.  The  graph  shows  the  rate  at  which  tumours  were  first  detected  for  both  genotypes.  A  total  of  22  bitransgenic  mice 
and  30  MMTV-c-ErbB2  mice  were  monitored  and  the  graph  shows  the  number  of  days  to  tumour  detection  versus  the  percentage  of  tumour-free 
mice,  (b-e)  Haematoxylin  and  eosin  stained  tumour  sections,  (b)  Tumour  derived  from  a  MMTV-c-ErbB2  mouse,  (c-e)  Tumors  derived  from  bitrans¬ 
genic  MMTV-myr-Aktl ,  MMTV-c-ErbB2  mice,  (c)  A  bitransgenic  tumour  with  histology  similar  to  that  of  c-ErbB2  tumours,  (d-e)  Two  different  bitrans¬ 
genic  tumours  demonstrating  necrotic  tumour  tissue  distal  to  a  blood  vessel  (blood  vessel  marked  with  *  and  necrosis  marker  with  **).  x200  original 
magnification,  (f)  Tumours  from  bitransgenic  MMTV-myr-Aktl ,  MMTV-c-ErbB2  mice  have  less  apoptosis  than  tumours  from  MMTV-c-ErbB2  mice. 
Apoptosis  was  quantitated  by  activated  caspase-3  immunohistochemistry.  The  number  of  cells  staining  positively  for  activated  caspase-3  was 
divided  by  the  total  number  of  cells  counted  to  generate  the  apoptotic  rate,  (g)  Tumours  from  bitransgenic  mice  have  a  higher  proliferation  rate  than 
tumours  from  MMTV-c-ErbB2  mice.  Proliferation  rate  was  determined  by  counting  the  number  of  mitotic  figures  in  10  500x  magnification  fields  of 
view  and  the  data  is  presented  as  the  mean  +/-  standard  deviation  for  three  tumours  of  each  genotype. 


MMTV-c-ErbB2  (line  202)  mice  [6]  with  MMTV-myr-Aktl  mice 
[1 1].  The  MMTV-c-ErbB2  female  mice  developed  single  focal 
mammary  tumours  with  a  mean  latency  of  231  days  (Figure 
la). 

The  bitransgenic  MMTV-c-ErbB2,  MMTV-myr-Aktl  mice 
developed  single  focal  mammary  tumours  with  a  mean  latency 
of  1 14  days,  meaning  the  bitransgenic  animals  develop  mam¬ 
mary  tumours  twice  as  fast  as  the  MMTV-c-ErbB2  mice  (Fig¬ 
ure  la).  A  total  of  30  MMTV-c-ErbB2  mice  and  22 
bitransgenic  mice  were  used  to  calculate  mean  tumour 
latency. 

Tumours  arising  in  the  MMTV-c-ErbB2  mice  usually  display 
mutations  in  the  wild  type  rat  C-ERBB2  transgene  resulting  in 
a  constitutively  activated  form  of  ErbB2  [18].  One  possible 
means  by  which  expression  of  myr-Aktl  could  accelerate 
tumourigenesis  in  the  MMTV-c-ErbB2  mice  would  be  to 


bypass  the  apparent  requirement  for  mutation  of  rat  C-ERBB2. 
However,  analysis  of  the  tumours  that  appeared  in  the  bitrans¬ 
genic  mice  indicated  that  these  tumours  also  contain  the  acti¬ 
vating  mutations  in  the  rat  C-ERBB2  allele  (data  not  shown). 

Tumour  histology  was  evaluated  using  haematoxylin  and  eosin 
stained  sections.  The  histology  of  the  c-ErbB2  tumours  was 
consistent  with  previous  descriptions:  they  are  solid  tumours 
composed  of  uniformly  sized  and  shaped  cells  with  small 
stroma  and  no  evidence  of  myoepithelial  cells  [6,23]  (Figure 
1b).  Staining  of  tumours  from  the  bitransgenic  animals 
revealed  two  different  types  of  tumours:  those  similar  to  c- 
ErbB2  tumours  with  a  solid,  uniform  architecture  (Figure  1c); 
and  the  second  type  of  tumour  demonstrated  necrosis  in  areas 
of  the  tumour  1 0  to  20  cells  away  from  vasculature,  consistent 
with  a  tumour  that  outgrows  its  blood  supply  (Figure  Id,  e). 
Very  little  necrosis  is  ever  observed  in  tumours  derived  from 
MMTV-c-ErbB2  mice. 
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After  initial  detection,  tumour  volumes  were  determined  by 
measuring  the  tumour  dimensions  with  calipers  to  estimate 
tumour  volume  (volume  =  (length  x  width  x  width)/2).  A  com¬ 
parison  of  tumour  growth  in  mice  of  both  genotypes  revealed 
that  tumour  volume  increased  two  to  three  times  faster  in  the 
bitransgenic  mice  compared  with  tumours  in  the  MMTV-c- 
ErbB2  transgenic  mice  (data  not  shown).  The  increased 
growth  rate  of  tumours  in  the  bitransgenic  mice  could  result 
from  either  increased  proliferation,  decreased  apoptosis  or 
both.  Measurement  of  the  apoptotic  rates  in  both  tumour  types 
by  activated  caspase-3  immunohistochemistry  demonstrates 
that  the  tumours  from  the  bitransgenic  animals  have  an  apop¬ 
totic  rate  half  that  of  the  tumours  derived  from  the  MMTV-c- 
ErbB2  animals  (Figure  1  f).  The  rate  of  proliferation,  determined 
by  quantitating  the  number  of  mitotic  figures  in  tumour  sec¬ 
tions,  demonstrated  that  tumours  from  bitransgenic  animals 
had  a  higher  proliferation  rate  than  tumours  from  MMTV-c- 
ErbB2  animals  (Figure  1  g).  Thus,  the  bitransgenic  animals  rap¬ 
idly  develop  mammary  tumours  with  a  low  rate  of  apoptosis 
and  high  rate  of  proliferation  compared  with  the  tumours  from 
MMTV-c-ErbB2  animals,  and  at  least  half  of  these  bitransgenic 
tumours  exhibit  extensive  necrosis. 

The  expression  of  the  transgenes  was  examined  at  the  protein 
level  in  tumours  (T)  and  normal  mammary  gland  control  (N) 
taken  from  tumour-bearing  mice  of  both  the  MMTV-c-ErbB2 
and  MMTV-c-ErbB2,  MMTV-myr-Aktl  genotypes.  Mammary 
glands  from  FVB  mice  and  MMTV-myr-Aktl  mice  were  used 
as  controls.  Immunoblotting  with  an  anti-ErbB2  antibody  dem¬ 
onstrated  that  the  level  of  ErbB2  protein  was  dramatically 
increased  in  tumours  of  both  origins  compared  with  normal 


mammary  tissue  from  the  same  mouse,  from  FVB  mice  or  from 
myr-Aktl  transgenic  mice  (Figure  2a). 

Expression  of  the  HA-tagged  myr-Aktl  transgene  was  only 
detected  in  tumour  tissue  from  the  bitransgenic  animals  (Fig¬ 
ure  2b).  The  myr-Aktl  transgene  in  the  bitransgenic  tumours 
was  phosphorylated  at  Ser473,  indicating  enzymatic  activity, 
and  can  be  distinguished  from  endogenous  Akt  because  the 
myr-Aktl  transgene  has  a  higher  molecular  weight  (Figure  2c). 
Akt  was  also  phosphorylated  in  c-ErbB2  tumours,  consistent 
with  previously  published  data  [8]  (Figure  2c).  Immunoblot 
using  anti-pan-Akt  antibody  demonstrates  expression  of 
endogenous  Akt  in  both  tumour  types  with  the  c-ErbB2 
tumours  expressing  more  Akt  than  the  bitransgenic  tumours 
(Figure  2d).  An  immunoblot  with  anti-(3-actin  antibody  demon¬ 
strates  equal  sample  loading  (Figure  2e).  All  immunoblot  data 
presented  in  the  present  study  is  representative  of  all  tumour 
and  normal  gland  pairs  examined  (n  =  5  for  c-ErbB2  and  n  = 
7  for  bitransgenic).  The  different  levels  of  proteins  expressed 
in  tumour  tissue  versus  normal  tissue  is  probably  due  to  both 
a  difference  in  selective  pressures  brought  on  by  tumourigen- 
esis  and  a  dramatic  increase  in  epithelial  cell  content  in  tumour 
tissue:  the  virgin  mammary  gland  is  predominantly  adipocytes 
and  tumour  tissue  is  predominantly  epithelial  in  nature. 

Diminished  overexpression  and  activation  of  EGFR 
family  members  in  tumours  from  bitransgenic  animals 

Mammary  tumours  from  transgenic  mice  expressing  activated 
mutants  of  ErbB2  also  express  elevated  levels  of  total  and 
tyrosine-phosphorylated  ErbB2  and  ErbB3  [7].  As  previously 
shown  in  Figure  2,  ErbB2  was  increased  in  tumour  lysates 
from  both  MMTV-c-ErbB2  and  bitransgenic  mice  compared 
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Tumours  from  bitransgenic  MMTV-myr-Aktl ,  MMTV-c-ErbB2  mice  and  MMTV-c-ErbB2  mice  overexpress  ErbB2  and  phosphorylated  Akt.  Tumour  (T) 
and  normal  mammary  tissue  (N)  were  harvested  from  tumour-bearing  mice.  Tumours  from  three  different  bitransgenic  MMTV-myr-Aktl ,  MMTV-c- 
ErbB2  mice  and  three  different  MMTV-c-ErbB2  mice  are  represented  with  normal  mammary  tissue  from  the  same  animal.  Additionally,  normal  mam¬ 
mary  tissue  was  collected  from  control  FVB  and  MMTV-myr-Aktl  mice  and  analysed  as  a  control.  Equal  amounts  of  total  protein  was  loaded  per  lane 
to  a  10%  sodium  dodecyl  sulfate  polyacrylamide  gel,  transferred  to  polyvinylidene  difluoride  and  probed  with  the  following  antibodies:  (a)  anti- 
ErbB2;  (b)  anti-HA  to  detect  the  HA  epitope-tagged  myr-Aktl  transgene;  (c)  anti-phospho-Akt  (Ser473);  (d)  anti-pan-Akt;  and  (e)  anti-(3-actin  to 
demonstrate  equal  loading  of  the  gel. 
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Figure  3 
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Expression  and  activation  of  EGF  receptor  tyrosine  kinase  family  members  is  decreased  in  tumours  from  bitransgenic  MMTV-myr-Aktl ,  MMTV-c- 
ErbB2  mice  compared  with  tumours  from  MMTV-c-ErbB2  mice.  Lysates  from  tumour  (T)  and  normal  mammary  tissue  (N)  were  used  for  immunoblot 
analysis  using  the  following  antibodies:  (a)  anti-phospho-ErbB2  (Tyr877);  (b)  anti-phospho-ErbB2  (Tyrl  248);  (c)  anti-ErbB2;  (d)  anti-phospho- 
ErbB3  (Tyrl  289);  (e)  anti-ErbB3;  (f)  anti-EGFR;  (g)  anti-ErbB4;  and  (h)  anti-p-actin  to  demonstrate  equal  loading  of  the  gel. 


with  normal  tissue  (Figure  3c).  The  extent  of  activating 
phosphorylation  of  ErbB2  was  lower  in  the  bitransgenic 
tumours  than  in  the  c-ErbB2  tumours,  demonstrated  by  using 
phosphospecific  antibodies  to  two  different  phosphorylation 
sites  in  ErbB2,  Tyr877  and  Tyrl  248  (Figure  3a,  b).  Phospho¬ 
rylation  of  Tyr877  is  mediated  by  Src  and  contributes  to  the 
activation  of  the  ErbB2  tyrosine  kinase,  and  Tyrl  248  is  an 
autophosphorylation  site  [24,25].  Increased  levels  of  ErbB3 
(Figure  3e),  Tyrl  289-phosphorylated  ErbB3  (Figure  3d),  epi¬ 
dermal  growth  factor  receptor  (EGFR)  (Figure  3f)  and  ErbB4 
(Figure  3g)  were  readily  detected  in  the  c-ErbB2  tumours 
compared  with  normal  tissue  from  the  same  mice. 

While  increased  levels  of  EGFR  and  ErbB3  protein  could  be 
detected  in  the  bitransgenic  tumours  when  compared  with 
normal  tissue,  the  extent  of  the  increase  was  dramatically 
reduced  compared  with  that  observed  in  the  c-ErbB2 
tumours.  Most  importantly,  the  phosphorylation  of  ErbB3  was 
very  low  at  Tyrl  289  (Figure  3d),  which  is  an  important  phos¬ 
phorylation  site  for  PI3K  recruitment  and  activation  [26]. 
ErbB4,  the  sole  member  of  the  EGFR  family  with  an  expres¬ 
sion  that  bears  positive  prognostic  value  to  breast  cancer 
patients  and  suppresses  proliferation  and  promotes  apoptosis 
[27,28],  was  not  detected  in  the  bitransgenic  tumours  (Figure 
3g).  These  data  suggest  that  expression  of  activated  Aktl  in 
the  MMTV-c-ErbB2  transgenic  mice  alters  the  requirement  for 
overexpression  and  activation  of  ErbB3  and  other  EGFR  family 
members  in  mammary  tumours  induced  by  ErbB2. 


Diminished  activation  of  signalling  downstream  of 
ErbB2  in  bitransgenic  tumours 

Mammary  tumours  expressing  c-ErbB2  have  been  found  to 
possess  elevated  levels  of  Src  tyrosine  protein  kinase  activity 
[29,30].  The  Src  protein  binds  to  phosphotyrosine  residues  in 
the  cytoplasmic  tail  of  ErbB2,  resulting  in  Src  phosphorylation 
at  Tyr416  and  catalytic  activation  [31,32].  The  amount  of 
Tyr41  6-phosphorylated  Src  present  in  the  c-ErbB2  tumours 
was  dramatically  increased  in  comparison  to  the  bitransgenic 
tumours  and  normal  tissue  (Figure  4a),  even  though  the 
bitransgenic  tumours  express  more  total  Src  than  the  c-ErbB2 
tumours  (Figure  4b).  The  reduced  Src  activation  indicated  by 
low  Tyr41  6  phosphorylation  levels  in  the  bitransgenic  tumours 
is  corroborated  by  the  reduced  phosphorylation  of  ErbB2  at 
Tyr877  (Figure  3a),  which  is  mediated  by  Src  [24,25].  The 
reciprocal  positive  regulation  of  Src  by  ErbB2  and  ErbB2  by 
Src  is  strongly  diminished  in  the  bitransgenic  tumours  (in  addi¬ 
tion  to  the  reduced  activation  of  ErbB3)  indicating  a  general 
decline  in  plasma  membrane  tyrosine  kinase  signalling  in  the 
bitransgenic  tumours. 

The  lack  of  activation/overexpression  of  EGFR  family  members 
and  the  lack  of  activation  of  Src  in  the  bitransgenic  tumours 
suggested  that  signalling  mediated  by  secondary  signalling 
molecules  might  also  be  attenuated  in  the  bitransgenic 
tumours  when  compared  with  c-ErbB2  tumours.  Gab2  is  a 
scaffolding  protein  that  can  recruit  the  p85  subunit  of  PI3K 
when  it  is  phosphorylated  at  Tyr452  [33]  which  in  turn  acti¬ 
vates  PH-domain  containing  proteins  such  as  Akt  [34].  The 
levels  of  Gab2  protein  are  elevated  in  both  c-ErbB2  tumours 
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Figure  4 
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Tumours  from  MMTV-myr-Aktl ,  MMTV-c-ErbB2  mice  have  decrease  tyrosine  kinase  signalling  compared  with  tumours  from  MMTV-c-ErbB2  mice. 
Lysates  from  tumour  (T)  and  normal  mammary  tissue  (N)  were  used  for  immunoblot  analysis  using  the  following  antibodies:  (a)  anti-phospho-Src 
(Tyr416);  (b)  anti-Src;  (c)  anti-phospho-Gab2  (Tyr452);  (d)  anti-Gab2;  (e)  anti-phospho-Shc  (Tyr313);  (f)  anti-phospho-Shc  (Tyr239/240):  (g)  anti- 
Shc;  (h)  anti-phospho-Erk  (corresponding  to  Erk2  phosphorylation  at  Thr183  and  Tyr185);  and  (i)  anti-Erk. 


and  bitransgenic  tumours  compared  with  normal  gland  con¬ 
trols  (Figure  4d),  although  the  level  is  slightly  higher  in  c-ErbB2 
tumours  than  bitransgenic  tumours.  The  amount  of  Tyr452- 
phosphorylated  Gab2  is  dramatically  higher  in  the  c-ErbB2 
tumours  compared  with  the  bitransgenic  tumours  (Figure  4c) 
suggesting  that  expression  of  activated  Aktl  in  the 
bitransgenic  animals  attenuates  phosphorylation  of  Gab2  and 
subsequent  docking  of  PI3K,  which  occurs  in  c-ErbB2 
animals. 

It  has  recently  been  demonstrated  that  another  secondary  sig¬ 
nalling  molecule,  ShcA,  is  required  for  ErbB2-mediated 
tumourigenesis  and  phosphorylation  of  Tyr313  in  ShcA  may 
be  important  for  tumour  cell  survival,  while  phosphorylation  of 
Tyr239/240  may  be  important  for  tumour  vascularisation  [35]. 
c-ErbB2  tumours  and  bitransgenic  tumours  both  demonstrate 
expression  of  ShcA  (Figure  4g),  particularly  the  p52  and  the 
p46  isoforms  while  the  p66  isoform  was  barely  detectable. 
Both  tumour  types  also  appear  to  have  similar  levels  of 
Tyr239/240-phosphorylated  ShcA  (with  the  bitransgenic 
tumours  having  slightly  less  phosphorylation  than  the  c-ErbB2 
tumours),  indicating  that  activities  regulated  by  phosphoryla¬ 
tion  of  this  site  (perhaps  in  angiogenesis)  are  important  in  both 
tumour  types  (Figure  4f).  However,  the  difference  in  phospho¬ 
rylation  of  ShcA  at  Tyr31 3  is  more  dramatic  between  the  two 
tumour  types  (Figure  4e),  with  the  c-ErbB2  tumours  having 
more  ShcA  phosphorylated  at  Tyr313  than  the  bitransgenic 
tumours  suggesting  that  activities  regulated  by  phosphoryla¬ 


tion  of  this  site  (cell  survival)  may  be  less  important  in  the 
tumours  that  express  activated  Aktl . 

Oncogenic  signalling  often  activates  the  Erk  pathway,  which  is 
a  known  mediator  of  cell  proliferation,  cell  survival,  angiogen¬ 
esis  and  cell  migration  (reviewed  in  [36]).  Dual  phosphoryla¬ 
tion  of  Erkl  and  Erk2  (corresponding  to  Thrl  83  and  Tyrl  85  of 
human  Erk2)  in  the  activation  loop  results  in  catalytic  activation 
of  kinase  activity  [37].  Despite  the  attenuation  of  several  sig¬ 
nalling  events  in  the  bitransgenic  tumours  when  compared 
with  the  c-ErbB2  tumours  as  discussed  above,  both  tumour 
types  maintain  similar  levels  of  phosphorylated/activated  Erk 
(Figure  4h)  indicating  that  transgenic  activation  of  Aktl  does 
not  bypass  Erk  signalling.  Normal  gland  controls  demonstrate 
various  levels  of  Erk  activation. 

Expression/activation  of  cell  cycle  control  proteins  in 
bitransgenic  tumours 

The  decrease  in  the  tumour  latency  observed  in  the  bitrans¬ 
genic  tumours  would  predict  that  there  would  be  a  change  in 
the  expression/modification  of  cell  cycle  control  proteins  in  the 
bitransgenic  tumours  compared  with  the  c-ErbB2  tumours. 
Phosphorylation  of  Rb  by  active  cyclin-dependent  kinases 
inactivates  Rb  activity  and  is  an  important  regulatory  step  in 
cell  cycle  entry  [38,39].  Immunoblot  analysis  with  a  phospho- 
specific  antibody  against  Rb  (Ser780)  demonstrated  Rb 
phosphorylation  in  tumour  lysates  from  both  genotypes  of 
mice  and  not  in  the  normal  tissue  from  the  same  mice  (Figure 
5a).  The  extent  of  Rb  phosphorylation  was  greater  in  the  c- 
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MMTV-c-ErbB2  tumours  demonstrate  different  cell  cycle  proteins  than  tumours  from  bitransgenic  MMTV-myr-Aktl ,  MMTV-c-ErbB2  mice.  Lysates 
from  tumour  (T)  and  normal  mammary  tissue  (N)  were  used  for  immunoblot  analysis  using  the  following  antibodies:  (a)  anti-phospho-Rb  (Ser780); 
(b)  anti-Rb;  (c)  anti-cyclin  D1 ;  (d)  anti-pi  5;  and  (e)  anti-p27. 


ErbB2  tumours  than  in  the  bitransgenic  tumours.  This  is 
surprising  because  the  bitransgenic  tumours  have  a  shorter 
tumour  latency  and  greater  mitotic  index  which  we  predicted 
would  correlate  with  more  Rb  phosphorylation  and  a  more 
active  cell  cycle.  However,  Hutchinson  etal.  observed  a  similar 
phenomenon  in  their  study:  the  NDL2  tumours  (activated 
ErbB2)  demonstrated  a  higher  level  of  Ser780-phosphor- 
ylated  Rb  than  the  bitransgenic  NDL2/Akt1  DD  tumours  even 
though  the  bitransgenic  animals  had  a  shorter  tumour  latency 
[1 5].  The  total  amount  of  Rb  is  almost  the  same  in  all  tumours 
examined  indicating  differences  observed  in  Rb  phosphoryla¬ 
tion  are  not  in  fact  due  to  differences  in  total  Rb  levels  (Figure 
5b). 

We  also  examined  a  second  cell  cycle  control  protein,  cyclin 
D1.  The  D-type  cyclins  are  synthesised  during  the  G1  phase 
of  the  cell  cycle  after  stimulation  of  cells  with  growth  factors 
that  stimulate  cell  cycle  entry  and  are  required  for  cell  cycle 
progression  [40].  Immunoblot  analysis  revealed  cyclin  D1  in  all 
samples  with  the  bitransgenic  tumours  having  a  higher  level  of 
cyclin  D1  than  normal  tissue,  but  the  c-ErbB2  tumours  con¬ 
taining  more  cyclin  D1  than  the  bitransgenic  tumours  (Figure 
5c).  This  data  correlates  with  the  Rb  phosphorylation  data 
which  is  consistent  with  the  role  of  cyclin  D1  in  positively  reg¬ 
ulating  cyclin  dependent  kinase  activity  and  phosphorylation  of 
Rb  [40]. 

The  bitransgenic  tumours  have  a  shorter  latency  than  the  c- 
ErbB2  tumours,  but  contain  less  phosphorylated  Rb  and  less 
cyclin  D1 ,  which  led  us  to  examine  some  cell  cycle  inhibitors, 
pi  5  (INK4b),  p27  (Kipl)  and  p21  (Cip  1 )  are  all  inhibitors  of 
cell  cycle  progression  [41  ].  Immunoblot  analysis  for  pi  5  dem¬ 
onstrated  high  expression  in  the  c-ErbB2  tumours,  a  lack  of 
expression  in  all  normal  glands  and  very  faint  expression  in  the 
bitransgenic  tumours  (Figure  5d).  The  expression  profile  of 
p27  was  similar  with  a  lack  of  expression  in  all  normal  tissue, 


high  expression  in  c-ErbB2  tumours  and  slightly  lower  level  of 
expression  in  the  bitransgenic  tumours  (Figure  5e).  We  were 
unable  to  detect  p53  and  p21  in  any  of  the  tumour  and  normal 
mammary  tissue  samples,  though  both  were  present  in  an  irra¬ 
diated  control  gland  (data  not  shown).  While  c-ErbB2  tumours 
contain  more  positive  markers  of  the  cell  cycle  than  the 
bitransgenic  tumours  (phosphorylated  Rb  and  cyclin  D1),  they 
also  express  more  negative  regulators  of  the  cell  cycle  (pi  5 
and  p27),  which  likely  serves  to  balance  cell  cycle 
progression. 

An  elevated  metabolic  phenotype  in  bitransgenic 
tumours  compared  with  MMTV-c-ErbB2  tumours 

One  of  the  hallmarks  of  tumours  and  tumour  cell  lines  is  the 
elevated  level  of  glucose  transport  to  support  the  high  glyco¬ 
lytic  rate  of  tumour  cells  [42,43].  Myr-Aktl  can  stimulate  the 
translocation  of  the  GLUT  1  glucose  transporter  to  the  cell  sur¬ 
face  of  lymphoid  cells  cultured  in  the  absence  of  growth  fac¬ 
tors  as  well  as  increase  hexokinase  activity,  glucose 
consumption  and  lactate  production,  which  suggests  that  Akt 
stimulates  aerobic  glycolysis  and  produces  the  so-called 
'Warburg  effect'  [44,45].  Immunoblot  analysis  demonstrates 
elevated  levels  of  GLUT1  (the  major  glucose  transporter  in 
cancer  cells)  in  lysates  from  mammary  tumours  from  both  the 
MMTV-c-ErbB2  and  the  bitransgenic  mice  compared  with  lev¬ 
els  in  normal  glands.  However,  GLUT1  protein  expression  was 
greater  in  the  bitransgenic  tumours  (Figure  6a).  Cell-line  trans¬ 
fection  using  GLUT1  cDNA  validates  the  elongated  band 
identified  by  GLUT1  immunoblot  and  the  reason  for  this  elon¬ 
gated  band  is  probably  due  to  glycosylation  of  GLUT1  (data 
not  shown). 

To  determine  whether  the  increased  level  of  GLUT  1  correlated 
with  an  increase  in  glycolysis  (increased  glucose  consumption 
and  increased  lactate  production),  we  used  MRS  to  quantitate 
lactate  concentrations  in  extracts  prepared  from  tumours 
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Figure  6 
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Metabolic  activity  is  elevated  in  tumours  from  bitransgenic  M MTV- myr- Akt  1 ,  MMTV-c-ErbB2  mice  compared  with  tumours  from  MMTV-c-ErbB2 
mice.  Increased  expression  of  the  GLUT1  glucose  transporter  in  bitransgenic  MMTV-myr-Aktl ,  MMTV-c-ErbB2  tumours  compared  with  the  MMTV- 
c-ErbB2  tumours.  Lysates  from  tumour  (T)  and  normal  mammary  tissue  (N)  were  used  for  immunoblot  analysis  using  a  polyclonal  antibody  against 
the  c-terminus  of  GLUT1  (a)  and  actin-loading  control  (b).  Intratumour  concentration  (nmol/mg  tissue)  of  lactate  (c)  and  glucose  (d)  in  mammary 
glands  at  day  2  of  lactation  (L2),  tumours  from  MMTV-c-ErbB2  and  bitransgenic  MMTV-myr-Aktl ,  MMTV-c-ErbB2  mice  (all  n  =  5)  calculated  from 
^-magnetic  resonance  spectroscopy. 


because  lactate  is  the  end  product  of  glycolysis.  The  mammary 
tumours  examined  in  this  study  are  of  epithelial  cell  origin,  so 
the  use  of  mammary  tissue  from  day  two  of  lactation  (L2)  as  a 
control  tissue  allows  for  the  comparison  of  normal  epithelium 
with  tumour  epithelium,  whereas  the  normal  virgin  mammary 
gland  is  composed  mostly  of  adipocytes  [46].  Compared  with 
normal  L2  tissue,  there  was  a  four-fold  increase  in  the  amount 
of  lactate  in  the  MMTV-c-ErbB2  tumours  and  a  six-fold 
increase  in  the  bitransgenic  tumours  (Figure  6c)  (p  <  0.00001 
between  L2  and  both  tumours  and  p  <  0.02  between  ErbB2 
and  bitransgenic  tumours,  all  n  =  5).  This  increase  in  tumour 
glycolytic  activity  was  accompanied  by  significantly  decreased 
intratumuor  concentrations  of  glucose:  1.10  nmol/mg  in  the 
L2  mammary  gland,  0.46  nmol/mg  in  ErbB2  tumours  (p  < 
0.01 )  and  0.1 4  nmol/mg  in  bitransgenic  tumours  (p  <  0.0004) 
(Figure  6d).  This  indicates  high  glucose  utilisation  due  to  the 
increased  activity  of  glycolytic  enzymes.  Thus,  the  bitransgenic 
tumours  appear  to  consume  more  glucose  and  secrete  more 
lactate  than  the  c-ErbB2  tumours  or  the  normal  epithelial  cell- 
enriched  lactating  mammary  gland. 

Discussion 

We  have  demonstrated  that  expression  of  activated  myr-Aktl 
in  MMTV-c-ErbB2  mice  accelerates  mammary  tumourigene- 
sis.  Hutchinson  et  al.  used  a  similar  mammary  tumourigenesis 
model  using  MMTV-NDL2-5  animals  (which  express  activated 
ErbB2  in  the  mammary  gland)  and  compared  them  with 
bitransgenic  MMTV-NDL2-5,  M MTV- Akt  1  DD  animals  (which 
express  activated  ErbB2  and  an  activated  Aktl  gene  that  con¬ 
tains  phosphomimetic  mutations  of  Ser473  and  Thr308)  [1 5]. 


They  found  that  expression  of  activated  Aktl  accelerated 
ErbB2-induced  tumourigenesis  in  their  NDL2  model.  The 
NDL2/Akt1  DD  bitransgenic  tumours  were  more  differentiated 
glandular  tumours  which  expressed  milk  proteins.  Expression 
of  activated  Aktl  in  the  MMTV-c-ErbB2  model  did  not  induce 
more  differentiated  glandular  tumours,  but  rather  accelerated 
tumour  formation  often  appearing  to  cause  necrosis.  Com¬ 
pared  with  the  c-ErbB2  tumours,  the  bitransgenic  tumours 
demonstrated  half  the  amount  of  apoptosis  and  twice  the 
amount  of  mitosis,  suggesting  that  a  decrease  of  apoptosis 
and  increase  in  proliferation  in  the  bitransgenic  tumours  con¬ 
tributed  to  faster  tumour  formation.  Similar  to  Hutchinson  et 
al .,  evaluation  of  apoptosis  by  TUNEL  (terminal  deoxynucleoti- 
dyl  transferase  dUTP  nick  end  labeling)  staining  revealed 
almost  no  apoptotic  cells  in  any  of  our  tissue  samples  (data  not 
shown),  but  evaluation  of  apoptosis  by  activated  caspase-3 
immunohistochemistry  identified  some  apoptotic  cells. 

ErbB3,  the  major  EGFR  family  member  that  activates  the 
PI3K/Akt  pathway  [47],  is  required  for  ErbB2-induced  cancer 
cell  proliferation,  transformation  and  colony  formation  in 
wfro[8,48].  There  is  a  functional  interaction  between  ErbB2 
and  ErbB3  in  the  MMTV-c-ErbB2  mouse  model  [8].  Activated 
Src  is  important  for  efficient  ErbB2/ErbB3  heterocomplex  for¬ 
mation  and  full  activation  of  the  ErbB2  kinase  domain  [24].  We 
have  demonstrated  that  tumourigenesis  in  the  MMTV-c-ErbB2 
model  proceeds  with  reduced  activation  of  ErbB2,  ErbB3, 
Src,  Gab2  and  She  when  activated  Aktl  is  expressed  by 
transgene.  Akt  is  often  activated  in  cancer  cells  by  the  activat¬ 
ing  mutation  of  PI3K  [49],  inactivation  of  PTEN  [50]  and,  a 
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recently  demonstrated  mechanism,  by  mutation  of  Akt  itself 
[51].  Our  results  demonstrate  that  Akt  activation  by  any  of 
these  means  may  lead  to  less  dependency  on  ErbB2/ErbB3 
and  Src  signalling  without  inhibiting  tumourigenesis.  It  is  not 
clear  whether  the  diminished  activation  of  these  signalling 
molecules  reflects  a  reduced  need  for  them  to  be  activated 
due  to  the  presence  of  activated  Akt  or  a  negative  feedback 
loop  by  which  activated  Akt  can  suppress  activation  of  ErbB3- 
dependent  signalling. 

Two  recent  reports  studying  tumourigenesis  in  MMTV-ErbB2 
mice  on  an  Aktl  -/-  background  highlight  the  importance  of 
Aktl  in  ErbB2-induced  tumourigenesis  [52,53].  Both  groups 
used  activated  ErbB2  models  of  tumourigenesis  in  Aktl  7-  and 
Akt+/+  backgrounds  and  demonstrated  the  importance  of 
Aktl  in  mediating  ErbB2-induced  tumourigenesis:  mice  lack¬ 
ing  Aktl  either  failed  to  develop  tumours  or  tumourigenesis 
was  delayed.  However,  while  Aktl  is  required  for  efficient 
tumour  formation  in  MMTV-ErbB2  mouse  models,  activation  of 
Aktl  alone  is  not  sufficient  for  mammary  tumourigenesis 
[11,12]  indicating  that  other  pathways  downstream  of  ErbB2 
activation  are  important  for  tumour  formation. 

The  Erk  pathway  is  activated  in  many  types  of  cancer  and  can 
be  activated  by  numerous  oncogenic  signals,  including  ErbB2 
(Figure  4h)  [36].  The  bitransgenic  tumours  used  in  the  current 
study  maintained  Erk  activation  (despite  the  loss  of  numerous 
other  signalling  events),  which  suggests  that  Erk  signalling  is 
necessary  in  these  tumours.  This  may  be  one  explanation  for 
why  Akt  is  necessary  for  ErbB2  tumourigenesis  [52,53],  but  is 
not  sufficient  for  mammary  tumourigenesis  [11,12]:  activation 
of  Akt  alone  may  fail  to  activate  Erk. 

Most  tumour  cells  rely  on  increased  glycolysis,  even  in  the 
presence  of  available  oxygen  (the  Warburg  effect).  It  has  been 
shown  that  p53,  HIF-1  (hypoxia  inducible  factor  1),  c-Myc  as 
well  as  Akt  can  all  upregulate  glycolytic  enzymes  (often 
through  inhibition  of  the  mitochondrial  tricarboxylic  acid  cycle) 
to  trigger  increased  tumour  cell  glucose  consumption  [54]. 
The  increased  levels  of  lactate  and  reduced  concentrations  of 
glucose  in  both  types  of  tumours  in  the  present  study  is  con¬ 
sistent  with  an  increased  glycolytic  rate  in  the  tumours,  but  the 
bitransgenic  tumours  contained  more  lactate  and  more 
GLUT1  than  the  c-ErbB2  tumours.  This  led  to  the  hypothesis 
that  activation  of  Aktl  induced  aerobic  glycolysis  in  these 
mammary  carcinomas.  This  may  offer  another  explanation  for 
the  accelerated  tumour  onset  in  the  bitransgenic  animals 
because  glycolysis,  while  inefficient  in  terms  of  wasting  the  full 
oxidative  potential  of  glucose,  is  efficient  at  producing  ATP 
and  also  generating  metabolic  byproducts  necessary  for  mem¬ 
brane  synthesis  [55]. 

Human  breast  carcinomas  overexpress  ErbB2  in  20%  to  30% 
of  cases  and  patients  with  this  type  of  tumour  bear  a  poor 
prognosis  and  are  currently  treated  with  trastuzumab,  a 


humanised  monoclonal  antibody.  Trastuzumab  treatment  sig¬ 
nificantly  boosts  the  prognosis  for  patients  with  breast 
tumours  that  overexpress  ErbB2,  but  the  response  rate  for 
these  patients  is  about  50%  to  60%  [56].  Nagata  et  al.  dem¬ 
onstrated  that  loss  of  the  PTEN  tumour  suppressor  (which 
induces  Akt  activation)  predicts  resistance  to  trastuzumab 
treatment  [57].  We  predict  that  our  bitransgenic  animals  rep¬ 
resent  a  model  of  a  patient  who  would  be  resistant  to  trastuzu¬ 
mab.  Tumours  from  bitransgenic  animals  overexpress  ErbB2, 
making  them  candidates  for  ErbB2-targeted  therapy,  but 
drugs  which  molecularly  target  ErbB2  (such  as  trastuzumab) 
or  ErbB2/ErbB3  heterodimers  (such  as  pertuzumab)  may  be 
futile  because  signalling  downstream  of  ErbB2/ErbB3  is 
already  attenuated  in  bitransgenic  animals.  If  activation  of  Aktl 
in  human  tumours  (which  can  occur  by  loss  of  PTEN  function 
or  activating  mutation  of  either  PI3K  or  Akt)  is  critical  to  ErbB2- 
positive  breast  cancer  cells  becoming  trastuzumab  resistant, 
then  evaluation  of  the  activation  status  of  Akt  may  assist  in 
deciding  the  prognosis  and  treatment  strategy  for  breast  can¬ 
cer  patients  as  compared  with  the  current  screening  that  only 
identifies  amplification  of  ErbB2.  Additionally,  therapies  which 
molecularly  target  the  Akt  pathway  may  be  critical  to  overcome 
trastuzumab  resistance. 

Conclusion 

Expression  of  activated  Aktl  in  the  mammary  gland  of  MMTV- 
c-ErbB2  mice  accelerates  tumourigenesis  and  attenuates  sig¬ 
nalling  events  sometimes  thought  to  be  critical  to  tumourigen¬ 
esis.  The  bitransgenic  tumours  also  have  an  accelerated 
glucose  metabolism.  Our  studies  suggest  that  tumours  that 
overexpress  ErbB2  which  activate  Akt  by  means  of  mutating 
PI3K,  PTEN  or  Akt  (rather  than  via  ErbB2/ErbB3  activation  of 
PI3K)  may  be  resistant  to  ErbB2-targeted  therapies.  There¬ 
fore,  therapies  which  molecularly  target  signalling  events 
downstream  of  ErbB2,  such  as  those  mediated  by  Akt,  may 
prove  to  be  valuable. 
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